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EDITORIAL ANNOUNCEMENT 


Consideration of Preliminary Communications after September 15, 1959 


At the meetings of the Editorial Board and Committee in 
April 1959, it was decided that the Journal would be prepared, 
after September 15 of this year, to consider for publication short 
Preliminary Communications which appear to be of outstanding 
importance, and to give them accelerated publication after edi- 
torial review and acceptance. The standards for acceptance of 
such manuscripts will be quite rigorous. Briefly, they may be 
stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to one 
full page in the present format of the Journal. This is approxi- 
mately 1000 words of text. If figures or tables are included, 
the permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Com- 
munication will be followed by a detailed report within a reason- 
able time. In some cases a very short paper may be complete 
in itself, no further publication being required. If an author 
considers his communication to be final in this sense, he should 
so state in submitting the manuscript to the Editors. In such 
cases, the form of a short regular paper might be preferable (see 
the fifth paragraph following). 

5. Such short papers will not necessarily be restricted to new 
experimental findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 

6. The title of the manuscript, and the names and addresses 
of the authors should be given at the beginning, as in a regular 


paper. However, no summary need be included, and the head- 
ings and sub-headings commonly used in full papers may—and 


' generally should—be omitted. An original and two carbon copies 


should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 

The aim of the Journal in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been pub- 
lished on a number of occasions in the past, when the findings 
were considered significant and the documentation and presen- 
tation were adequate. However, we have no desire to encourage 
short papers rather than long ones. A single long report of a 
comprehensive series of findings is generally preferred by the 
Editors to three or four short papers which, in the aggregate, 
require more time to read and to edit and also will take up more 
space. 

Since the heaviest load of editorial work for the Journal falls 
in the summer months, Preliminary Communications cannot be 
considered for publication before September 15. Please, there- 
fore, do not submit them before that date, since if they are sub- 
mitted prematurely they will have to be returned to the author. 
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Instructions 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly,it is important that all contri- 
butions should be carefully examined before being submitted, to 
make sure that they conform as closely as possible to the following 
instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should be 
submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and “‘laboratory slang’’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviation used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on “Use of Abbreviations” on pages 3 and 4. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see “Use of Abbreviations.” 

Separate sheets should be used for the following: (a) title, (b) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (h) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 


60 characters and spaces). 


To Authors 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) ‘‘Ezperimental 
Procedure’’ (or ‘‘Methods’’), (c) ‘‘Results,’’ (d) ‘‘Discussion,”’ (e) 
‘‘Summary,’’ (f) ‘“‘References.’’ The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be ney A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude witha brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, inthis order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘‘unpub- 
lished experiments,’’ ‘‘personal communications,’”’ etc., must be 
made in footnotes, and not included in the eferences. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words “‘in press.’’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 


and identified as such, either in the text or in a footnote near the 


beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 
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4 Instructions to Authors 


should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 84 X 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall,narrow draw- 
ings should be avoided, as should also low wide drawings. Curves 
that can be placed on one chart without undue crowding should 
not be given in separate charts. The drawings should be made 
on Bristol board, blue tracing cloth, or on coordinate paper printed 
tn light blue. Mounting on heavy cardboard is undesirable. Pho- 
toengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be 
submitted whenever possible. If it is necessary to submit photo- 
graphic prints because of the excessive size of the originals, these 
should be carefully prepared. All parts of the chart should be in 
even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversize orig- 
tnal drawings are submitted, a set of small photographic prints must 
' also be included for the use of Referees. A duplicate set of figures 
must accompany the carbon copy of the manuscript. These need 
not be of the same quality as the original figures intended for pub- 
lication, but must be clear and legible for the use of Referees. 

All charts should be ruled off on all four sides close to the area 


occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Letters and 
figures should be uniform in size and style and large enough so 
that no character will be less than 1.5 mm. high after reduction. 
As a rule, the printed figure is one-half or one-third the size of the 
original drawing, but oversize drawings must be reduced still 
further. Drawings which contain letters or characters which do 
not permit of such reduction must be returned to the authors with 
a request that the size of the lettering be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw. 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthelegend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, O, @, 0,8, A, A, &). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of ‘‘top.” 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Proof -Reading 
Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 


by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 
tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a ‘‘note added in proof’’ can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 

The Williams & Wilkins Company 
Mount Royal and Guilford Avenues 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


— ea 


XUM 


| 


- 


—_ 


Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term which appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acvl-AMP). It is suggested that abbreviated names be hyphen- 
ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of a given 
compound are not to be abbreviated as if they were derivatives 
of that compound (e.g. the nicotinic acid analogue of DPN). 
Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxvlase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof. Abbreviations for pteroyl-t-glutamic acid 
derivatives (but not the substance itself) may use PGA for the 
parent compound (e.g. PGA-H,; N*-formyl-PGA-H,; hydroxy- 
methy] (or CH,OH-) PGA-H,). (Note that pteroy]l-L-glutamic 
acid is one member of the class of compounds known collectively 
as the folic acids.) However, since PGA has also been used by 
some authors to denote phosphoglyceric acid or polyglutamic 
acid, it is essential that this abbreviation be defined in a footnote 
in each paper in which it is used. 

Accepted Abbreviations—The abbreviations in the list given 
below, may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (cf. 


Biochem. J., 66, 8 (1957)): 


DPN (or DPN?*), diphosphopyridine nucleotide and its 


DPNH reduced form 
TPN, TPNH triphosphopyridine nucleotide and its 
reduced form 
FAD, FADH; flavin adenine dinucleotide and its re- 
duced form 
NMN nicotinamide mononucleotide 
GSH, GSSG glutathione and its oxidized form 


CoA, acyl-CoA coenzyme A and its acyl derivatives 
(e.g. acetyl, etc.) 

the 5’-phosphates of ribosy] adenine, 
guanine, hypoxanthine, uracil, cy- 
tosine 

the 2’-, 3’-, (and 5’-, where needed for 


AMP, GMP, 
UMP, CMP 


IMP, 


2’-AMP 3’-AMP (5’- 


AMP), ete. contrast) phosphates of the nucleo- 
sides 

ADP, ete. the 5’(pyro)-diphosphates of adeno- 
sine, etc. 

ATP, ete. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 

deoxy-AMP(dAMP, the 5’-phosphates of 2’-deoxyribosy]l 

dGMP, dIMP, adenine, etc. 


dUMP, dCMP, 
dTMP)* 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 


RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 
UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 


lactose, etc. etc. 


For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequence as written (Ann. Rev. Biochem., 
16, 224 (1947)): 


Gly, Ala, Val, Leu, glycyl, alanyl, valyl, leucyl, isoleucy], 
Pro, Phe, CySH, CyS-, prolyl, phenylalanyl, cysteiny], half- 


Met, cystyl, methiony]l, 

Try, Arg, His, Lys, tryptophyl arginyl, histidyl, lysyl, 
Asp, Glu, aspartyl, glutamyl, 

Glu-NH:, Asp-NH2, glutaminy], asparaginy], seryl, 
Ser, 

Thr, Tyr, Hypro, threonyl, tyrosyl, hydroxyprolyl, hy- 
Hylys droxylysyl 


These symbols should be separated from each other by periods 
(e.g. Gly. Val.Asp.Ser). Groups of residues of unknown se- 
quence may be enclosed in parentheses and separated by commas. 
These abbreviations should be used only for amino acid residues 
in peptide linkage; never for the free amino acids, the nameg of 
which should be written out in full. 


* When it is necessary to use d for deoxy, it should be so defined. 
The full prefix requires no such definition. 
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(b) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 
Gt, Fru, Gal, Rib, deoxy- glucose, fructose, galactose, ribose, 
Rib (dRib), etc.* deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide ahbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acety! derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosamine. Configura- 
tion symbols (L-, p-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 


+ Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 


letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, 
guanine,f etc.): 


pApG 5’-O-phosphory]- adenyly]- (3’-5’) -gua- 
nosine or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

ApGp adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 

ApG-cyclic-p adenyly]-(3’-5’)-guanosine 2’:3’-phos- 
phate 


for polydeoxyribonucleotides :* 


d-pApGpT 
deoxyguanylyl - (3’- 5’) -deoxythymi- 
dine, or deoxythymidylyl-(5’-3’)-de- 
oxyguanyly] - (5’-3’) - deoxy - adeno- 
sylyl 5’-phosphate. 


t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 


UNITS OF MEASUREMENT 


Units of Mass 


kilogram kg. 
gram gm. 
milligram mg. 
microgram ug. (not y) 
millimole mmole (not mm) 
micromole umole (not uM) 
Units of Concentration 
molar (mole/liter) M 
millimolar mM 
micromolar pM 
Units of Length, Area, Volume, ete. 
meter m. 
centimeter em. 
millimicron my 
Angstrom (10> A 
square centimeter em.” 
cubic centimeter ec., or cm? 
liter l. 
millil ter ml. . 
microliter ul. (not dr) 
sedimentation coefficient 8. 


sedimentation coefficient in water at 20°, 


extrapolated to zero concentration 8°99 w 
Svedberg unit of sedimentation coeffi- 

cient (107 sec.) Ss 
diffusion coefficient (usually given in 

em.?/sec.) D 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logw T = amCb = e€Cb = a,cb 


In these equations A is absorbancy (preferred), OD is optical 
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density, T is transmittancy (not transmittance, as for a plate 
of glass), C is the concentration of the absorbing substance in 
moles per liter, ¢ is its concentration in other units (which must 
be specified), a, is the absorbancy index, am is the molar absorb- 
ancy index (identical with e, the molar extinction coefficient), 
and b is length of the optical path in em. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave-length or frequency specified, the 
exact value of this index will be somewhat ambiguous unless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. 8S. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U.S. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 


Equilibrium and Velocity Constants 

Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mgt*+ + ATP*#= 
MgATP*-, the association constant is: K = (MgATP?-) /(Mg**) 
(ATP*-); (in units of m7). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec. (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in mM~ sec.~t. 

The term milligram per cent (mg.%) should not be used. 
Weight concentrations should be given as gm. per ml., gm. per 
100 ml., gm. per 1., ete. 
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doing column chromatography? 
if it’s resolution you're after... which sampling is 


10 fractions of 20 cc each or 200 fractions of 1 cc each? 


Break a given volume into many small fractions, rather 
than a few large ones, and you're bound to get sharper dif- 
ferentiation, higher resolution. 

Stands to reason. . . but how? The manual ‘‘bird-watching” 
method is tedious enough for a dozen-or-so collections: down- 
right impossible when you need hundreds. 

It's no trick at all though when you mechanize fractiona- 
tion with the Technicon automatic collector. You can run collec- 
tions either by time-flow, or, if utmost resolution is required, by 
drop count. Either way, all you have to do is mount the prepared 
column on the machine, set it for the desired number (up to 200) 
of samples of whatever volume you wish (from a single drop 
up to 28 cc). Then start it and go away. 

Come back hours later (or next morning) and find the job 
all done. Excess material beyond that required for the experi- 
ment is automatically diverted to waste when the machine turns 
itself off on completion of the collection. 


fraction collector 


There's a lot more you should know about this 
time-and-labor saving instrument. You'll find it 
in a brochure you can get by writing 


TECHNICON CHROMATOGRAPHY CORP. 
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A symposium with the above title was held in New York City on October 31, 1958, 
with an attendance of over 350 scientists. As a sequel to a similar symposium held 
in 1957, it presented the latest information available in terms of specific applica- 
tions. Bound copies of the proceedings may be obtained free of charge from New 
England Nuclear Corp. The index is as follows: 


OPENING REMARKS BY CHAIRMAN 
Richard L. Wolfgang, Dept. of Chemistry, Yale University 


EXPERIENCES WITH TRITIATED COMPOUNDS PREPARED BY EXPOSURE TO 


TRITIUM GAS 
Charles Rosenblum and Henry T. Meriwether, Merck, Sharp & Dohme 


Research Laboratories, Div. of Merck & Co. 


REACTION OF UNSATURATED ORGANIC COMPOUNDS WITH TRITIUM GAS 
Herbert J. Dutton, Northern Utilization Research and Development Division, 


Dept. of Agriculture 
Robert F. Nystrom, Radiocarbon Laboratory, University of Illinois 


THE APPLICATION OF TRITIUM TO THE ASSAY OF STEROIDS IN 


BIOLOGICAL EXTRACTS 
Ralph E. Peterson, Dept. of Medicine, Cornell University Medical College 


METABOLISM OF DL-EPINEPHRINE-7-H* D-BITARTRATE 
Elwood H. Labrosse, Laboratory of Clinical Science, National Institute of 


Mental Health 


SPECIAL FEATURES OF TRITIUM AS A TRACER IN INDUSTRIAL RESEARCH 
Vincent P. Guinn, Shell Development Co. 


APPLICATION OF TRITIUM IN THE DETERMINATION OF GIBBERELLINS 
W. E. Baumgartner, Abbott Laboratories 


SOME USES OF TRITIUM IN AUTORADIOGRAPHY 
J. Herbert Taylor, Columbia University 


Liouip SCINTILLATION COUNTING OF TRITIUM IN SUSPENDED MATERIALS 
J. F. Snell, Pfizer Therapeutic Institute 


A NEw TECHNIQUE FOR COUNTING AQUEOUS SOLUTIONS IN THE LIQUID 
SCINTILLATION SPECTROMETER 
Daniel Steinberg, National Heart Institute 


TRITIUM MEASUREMENT USING IONIZATION CHAMBERS 
Bert M. Tolbert, Chemistry Dept., University of Colorado 


VAPOR PHASE PROPORTIONAL COUNTING 
Richard L. Wolfgang, Yale University 
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SALES REPRESENTATIVES: 


ATOMIC ASSOCIATES, Inc. 
Boston ° New York °* Philadelphio 
Washington, D.C. Atlanta Chicago 
Pittsburgh Dallas Los Angeles 
San Francisco 


RADIONICS, Ltd. 
Montreal, Canada 


NEC-163 HYDROCORTISONE-4-C'™ 

Specific activity: 12.5 microcuries per 
milligram 

Available from stock 

$100 per 5 microcuries 


NET-18 ACETIC-H? ANHYDRIDE 

Specific activity: 400 millicuries per 
millimole 

Two weeks delivery; packaged in benzene 
solution in 100 to 
400 millicuries quantities 

Useful for the determination of sub-microgram 
quantities of steroids by the 
derivative method.* 


NEX-28 THIOURACIL-S35 
Specific activity (as of 4/28/59): 
25 millicuries per millimole 

$175 for Ist millicurie; 
$50 each additional millicurie 


*R.E. Peterson, Proceedings of the 
Symposium on Advances in Tracer Applications 
of Tritium, Oct. 31, 1958. 


ATOMLIGHT, our bi-monthly technical 
bulletin, will be sent on request. 


Complete catalog available. 


new eng corp. 


575 ALBANY STREET, BOSTON 18 
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Baird-Atomic’s Single Tube Liquid Scintillation 
Spectrometer obsoletes costly coincidence 


*k systems for Carbon and Tritium 
*The unit = ( efficiency’ over background) 
is actually the figure of merit of any counting at oO ivi A E ! | 
system. A system witha higher lets you 
count more accurately in a shorter length of Patented B/A Optical System 
Data taken to optimize figure of merit (-20° _,.-. allows maximum light transmission, fea- 
POPOP, operation)” tures light-tight sample holder and a special 
double shutter to insure highest operating 
ia ITH efficiency at all temperatures. Completely 
: DATA Ww FIGURE OF interlocked. 
ICAL MERIT ‘ @ Special Fast Electronics 
TYP EFF ... only available from B/A. Advanced engi- 
COUNTIN Y — neering provides an extremely high gain and 
EFFICIENC low noise amplifier-analyzer. 


s Unmatched Versatility 
. . . obsoletes all coincidence systems by elimi- 


/. Vy, nating need for optical symmetry. You have 
B/A 0 O complete choice of sample size, shape or 
material, liquid or solid. 


case) a this new combination of detector and elec- 
- _— tronics you are now able to assemble a system best 


ase Fs OD suited to your needs and budget. Simple to operate, 
dou O/ 0 compact, accurate with or without a freezer, the 
B/A Model 745 is capable of performing the most 


sensitive C'* and H’ counts with speed and preci- 
system | sion under a wide range of conditions. 


Write today for detailed specifications and optional 
instrument combinations. 


IN LIQUID SCINTILLATION 


Baird -Atomic, Inc. 


33 UNIVERSITY RD., CAMBRIDGE 38, MASS. 


Boston, Mass./Pittsburgh/Philadelphia/Los Angeles/ 
San Francisco/New York/ Washington, D. C./Dallas/ 
Chicago/Atlanta/ Detroit 
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Whatever youre filtering, 


fritted ware helps you filter it better 


Whatever you're filtering—coarse materials, crystal- 
line or fine precipitates, floaters, or bacteria—a 
Pyrex fritted filter will help you do it faster, more 
efficiently. 

There is a wide variety of laboratory glassware 
into which have been sealed porous-glass filters. 
Filters are available in six porosities ranging from 
0.9 to 220 microns. Each porosity is closely con- 
trolled to retain only those particles that are greater 
than stated pore size. 

You can keep Pyrex fritted ware ready to use at 
a moment's notice. No need to fold, fit and trim 
papers. Just hook up the vacuum and begin. 

You'll use your fritted glassware indefinitely. It’s 
strong. It’s easily cleaned with chemicals or by 
backwashing. Pyrex fritted ware is made of our 
chemical glass No. 7740; it resists corrosive re- 
agents, takes repeated sterilizations, cannot con- 
taminate delicate solutions. 

You'll find the initial cost of Pyrex fritted ware 
quite reasonable. Consider the re-use and conven- 
ience factors and you'll say it’s downright economi- 
cal. And, for even greater savings, you can include 
it with your regular Pyrex labware order. 


For details on the complete line, contact your 
laboratory supply representative or consult Pyrex 
labware catalog LG-1. If you don't have a copy, 
please send the coupon. 


in use, item 33990, Morton Bacteria Apparatus 
with fritted disc. in background, tubular filter for 
laboratory or pilot plant production. Other items 
of interest in the catalog include: 36060, Buchner 
Funnel with fritted disc; 38450 and 38460. Chro- 
matographic Tubes with coarse-porosity fritted disc. 


CORNING GLASS WORKS 


83 Crystal Street, Corning, N. Y. 


Piease send | LG-1 PYREX Laboratory Ware 
Supplement No. 3 to Catalog LG-1 


| Name Title 

Company 

| Address 

| City Zone State 


PYREX* laboratory ware... the tested tool of modern research 
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RECORD MANY 
VARIABLES 
with the 
SARGENT 
RECORDER 


(PATENTS PENDING) 


Here in one expertly designed instrument 
is a Multi-purpose Recorder that measures 
current and voltage and all other quantities 

which can be transposed into potential 
or current signals. 


THIS RECORDER FEATURES: 
18 Current Ranges—18 Potential Ranges— 
9 Chart Speeds (Time Range) 
(27 Chart Speeds with Multi-range Attachment) 
— Designed for Bench Operation 
Designed and Manufactured by 
E. H. SARGENT CO. 


YOU CAN RECORD: 


Thermal Conductivity Dielectric Constant 
Temperature Potential 
Current Conductance 
Light Intensity 


For complete information write for Bulletin R. 


SA FR CS NI SCIENTIFIC LABORATORY INSTRUMENTS APPARATUS SUPPLIES CHEMICALS 


E.H. SARGENT & COMPANY, 4647 W. FOSTER, CHICAGO 30, ILLINOIS 
DETROIT 4, MICH. « DALLAS 35, TEXAS « BIRMINGHAM 4, ALA. « SPRINGFIELD, N. J- 
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On 


“VITAMIN-FREE” 
TEST CASEIN 


for Biological Procedures 


In nutritional experimentation the type of protein used may well be 
the most important dietary factor. When ‘‘Vitamin-Free’’ Test 
Casein GBI is the protein of choice in the deficiency diet, uniform 
and consistent depletion of test animals occurs well within the re- 
quired time interval specified by the U.S.P. or other methods. 
‘“Vitamin-Free’’ Test Casein GBI is prepared by several hot-alcohol 
extractions designed to remove both fat and water soluble vitamins. 
It is therefore biologically free of vitamins A and D as well as the 
B complex vitamins including vitamin B,, and vitamin K. Biological 
tests are run at significant intervals to assure consistent and satis- 
factory results. Each lot bears a control number for identification 
purposes. ‘‘ Vitamin-Free’’ Test Casein GBI has been preferred by 
hundreds of laboratories for over 20 years. 

‘*Vitamin-Free’’ Test Casein GBI is available for immediate ship- 
ment in 5 lb., 25 lb., 100 lb. and 250 Ib. fibre drums. 
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The Hepatic Glucose Response to Insulin 
in the Unanesthetized Dog* 
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AND A. Batrp HASTINGS 


From the Department of Biological Chemistry, Harvard Medical School, and the Department of Surgery, 
Peter Bent Brigham Hospital, Boston, Massachusetts 


(Received for publication, January 22, 1959) 


The precise action of insulin on the liver remains open to in- 
vestigation and understanding despite considerable data which 
have been accumulated. Dunn et al. (1) with the use of C'*- 
labeled glucose in the dog, express one point of view when they 
state: ‘These isotope tracer studies, which clearly indicate an 
action of insulin in inhibiting glucose output, may be added to a 
growing body of information which is making it increasingly ob- 
vious that a major action of insulin is exerted on the liver.” 
These writers add that their observations ‘“‘...extend these 
earlier findings by demonstrating that insulin does in fact act 
immediately to inhibit glucose production by liver.’ 

In liver slices of diabetic rats glucose uptake is subnormal and 
glucose output is excessive. As measured in this system, Renold 
et al. (2) found that the diabetic lesion is not immediately cor- 
rected by the addition of insulin, but requires several hours to 
several days. Haft and Miller (3) perfusing the isolated rat liver 
with a medium containing 350 mg. of glucose per 100 ml., found 
this value rising to 600 mg. in 1 hour, unaffected by insulin. 
In the alloxan diabetic rat liver insulin produced an increased 
removal of glucose from the medium between 1.5 and 4.0 hours 
of perfusion at these glucose concentrations (3). No such ef- 
fect has been demonstrable in the cat or rabbit liver (4) even 
though fatty acid synthesis (5), peptide synthesis (6), and in- 
corporation of C™ labeled glucose into glycogen (7) can be stimu- 
lated by the addition of insulin to liver slices an vitro under cer- 
tain conditions. 

Studies in vivo on hepatic metabolism in the diabetic dog have 
shown an increased hepatic glucose production (8). There is 
also reported an increased splanchnic glucose output in poorly 
controlled human diabetics compared with the normal subject 
(9). The splanchnic glucose output in normal man decreases 
after insulin administration (Bondy et al. (10)). This observa- 
tion has been confirmed by Sherlock et al. (11) with the conclu- 
sion that insulin produces an hepatic as well as peripheral uptake 
of glucose. On the other hand, measurement of portal-hepatic 
venous glucose concentrations shows no change in the hepatic 
glucose gradient after insulin is given to normal unanesthetized 
dogs (Ashmore et al. (12)).. The present study is undertaken to 


* Supported in part by a grant from The Upjohn Company. 
Tt Fellow of The Damon Runyon Memorial Fund for Cancer 
Research. 
t Eli Lilly Fellow. 
as Senior Research Fellow of the United States Public Health 
rvice. 


1631 


provide more direct quantitation of insulin-liver phenomena, 
our results indicating that insulin has no direct immediate effect 
upon the liver of the dog. 


EXPERIMENTAL 


Two techniques which have been devised in this laboratory 
are used in this study. The first consists of direct perfusion of 
the dog liver in vivo (13), and the second utilizes simultaneous 
catheterization of the hepatic vessels in a manner previously de- 
scribed (14). These methods are invoked in an attempt to il- 
luminate that area between the liver slice and the intact or- 
ganism. In the perfusion technique blood flow and pressure are 
directly controlled with the aim of maintenance of viability to- 
gether with minimal alteration of the normal equilibria of the 
hepatic cell. The second maneuver permits repeated observa- 
tions of the catheterized system in an unanesthetized and other- 
wise intact animal. 


Direct Perfusion Studies 


Seven perfusion experiments were performed. After light 
morphine Thiopental anesthesia, cannulas were placed in the 
portal vein and vena cava. A reservoir of oxygenated, constant 
temperature blood from a donor dog was connected to cannulas 
by means of a pump oxygenator. Simultaneously the hepatic 
and systemic circulations were completely separated. At no 
time was there cessation of oxygenated blood flow to the liver 
under normal minute volume and pressure. These factors, plus 
avoidance of hepatic manipulation, were thought to be responsi- 
ble for the lack of hepatic swelling and engorgement which have 
been observed by Trowell (15), Andrews et al. (16), Lundsgaard 
(4), and Bauer et al. (17). An average of 540 ml. of blood ob- 
tained from donor dogs was used to prime and maintain the ex- 
tracorporeal circuit. This, together with anestimated 180 ml. in 
the liver and its large vessels constituted the volume of the per- 
fusate. When the circuit was established, only blood samples 
were withdrawn and none was added. 

Equilibration and control studies occupied the initial 15 to 30 
minutes of perfusion, including sampling of the perfusate and 
hepatic biopsy. Glucagon-free insulin (Lilly), 2 units per kg., 
was administered via the portal venous (inflow) catheter, and 
further sampling and biopsy continued at intervals during the 
ensuing hour. Glucose of the blood perfusate was determined 
by the method of Nelson-Somogyi (18) and liver biopsy glycogen 
determined by the method of Roe (19). 
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Hepatic Vessel Catheterization Studies (Unanesthetized Dog) 


Ten experiments were performed in 9 dogs. As a preliminary 
step, the animals had portal, hepatic, and splenic arterial cathe- 
ters placed under Thiopental anesthesia, standard aseptic tech- 
nique being used. When the animals had completely recovered, 
2 to 8 days later, studies were carried out in the unanesthetized, 
nonsedated, postprandial state. Simultaneous blood samples 
were taken from each catheter at 5 to 15 minute intervals before 
and after insulin with replacement of blood from donor dogs in 
most instances. 

Measurement of hepatic blood flow was determined by a modi- 
fied Bromsulphalein method previously described (20). 

Simultaneous measurements of portal, hepatic venous, and 
arterial concentrations together with knowledge of hepatic blood 
flow, permit a quantitative assessment of metabolic events in 
various anatomic regions. For our purpose the hepatic venous- 
arterial difference represents the entire splanchnic gradient; the 
portal venous-arterial difference represents the nonhepatic- 
splanchnic gradient; while the hepatic venous-portal difference 
renders the hepatic gradient. The hepatic gradient thus con- 
sidered approximates the total hepatic gradient under baseline 
conditions since 80 per cent of the hepatic inflow in the unanes- 
thetized dog is by way of the portal vein (21). With this ratio 
of portal venous to hepatic arterial inflow, the magnitude of 
error for calculations from this system is 6 per cent. 


GLUCOSE CONCENTRATION OF 
THE PERFUSATE OF IN VIVO PERFUSED CANINE LIVER 
AFTER INSULIN 
% Baseline 


Glucose 


100} 
@— INSULIN (2u./kg.) 
25r 
-20 <-10 0 10 20 30 40 50 60 


Minutes after Insulin 


Fic. 1. Plasma glucose concentrations of the perfusate before 
and after the addition of 30 to 50 units crystalline insulin (indi- 
cated by vertical line). Data of the seven experiments have been 
converted to per cent of the glucose concentration immediately 
before insulin administration. The glucose concentration rises 
during the control period and continues to rise after insulin. 


TABLE 
Liver glycogen* 
Dog 1 Dog 2 Dog 3 ( Fane 
Initial, before perfusion..........| 208 158 350 165 
15 min. perfusion, no insulin..... 103 109 295 89 
60 min. perfusion, 45 min. after 


* Values are given as mmoles per gm. wet liver. 
+ No insulin added. 


Hepatic Glucose Response to Insulin 
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GLUCOSE CONCENTRATIONS OF 
PORTAL VENOUS, HEPATIC VENOUS & 
ARTERIAL PLASMA 
IN RESPONSE TO INSULIN 


mg.% 
<— INSULIN - 0,2 u./kg.) 
120 H 
100 H 
A » 
“e.. 
A 
Hepatic 
---- Portal 
—-—- Arterial 
-10 1) 10 20 30 40 50 60 


Minutes after Insulin 


Fig. 2. Mean glucose values of portal venous, hepatic venous, 
and arterial plasma of the entire series before and after insulin 
administration. 


TABLE II 
Glucose concentration gradients and regional glucose outputs 
Control p value 
Total splanchnic gra- 
14.7 + 2.2*| 10.2 + 2.6 0.05 
mg./100 ml. 
Hepatic gradient...... 11.5 + 1.3 | 13.4 + 1.4 | not signifi- 
mg./100ml1.} cant 
Nonhepatic splanchnic 
+3.0 + 1.5 |-—5.2 + 1.2 0.01 
mg./100 ml. 
Hepatic plasma flow...| 31.0 + 2.0 | 31.44 1.8 not signifi- 
ml./kg./ cant 
min. 
Splanchnic glucose out- 
3.9 + 0.62 2.0 + 0.65 0.05 
mg./kg./ 
min. 
Hepatic glucose output) 2.7 + 0.33) 3.524 0.4 not signifi- 
mg./kg./ cant at 
min. 0.05 level 


* Standard error of the mean. 


Glucagon-free insulin (Lilly) or Novo-Insulin! was injected via 
an indifferent vein or arterial catheter in doses of 0.1 to 0.2 unit 
per kg. after the control period. 


1 Kindly supplied by Professor C. de Duve. 
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RESULTS 


Effect of Insulin on Perfused Liver 


Glucose Levels of Perfusate before and after Insulin—In control 
experiments without insulin, the control glucose concentration 
of the perfusate was in the range of 85 to 150 mg. per 100 ml. 
In these perfusion experiments glucose values rose slowly and 
then tended to plateau at approximately 200 to 300 mg. per 100 
ml. by 60 to 90 minutes. The increment in glucose was largely 
explained by the continued hepatic glucose output, maintained 
at approximately 2 to 3 mg. per kg. per minute, into the perfus- 
ing blood, with no extrahepatic glucose utilization. In those 
perfusion experiments regarded as technically satisfactory, the 
increment of glucose was consistent and serum potassium levels 
were minimally changed. Blood flow was constant at a constant 
in-flow pressure. In technically less satisfactory experiments 
where complete hepatic viability was not assumed, there were 
abrupt increases in glucose and potassium. 

Glucose concentrations of the perfusate from the entire series 
of the perfused livers are summarized in Fig. 1. 

Hepatic Glycogen Content of Biopsies—Glycogen analysis of 
liver biopsies taken before perfusion, during the control period, 
and after insulin administration showed variability. Such varia- 
tions were also present in a control perfusion in which no insulin 
was added. Nevertheless, no significant increase in hepatic gly- 
cogen was observed after insulin administration. These data 
are summarized in Table I. 


Experiments in vivo: Catheterization of Vessels 


Glucose Concentrations—A fall in the glucose concentrations 
was observed after insulin (Fig. 2). This is noted at 5 minutes, 
becoming maximal in 30 minutes, and is followed by a period of 
rapid recovery to near normal levels. The mean decrease of 
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' glucose concentrations of the portal venous, hepatic venous, 


and arterial plasma was 47, 41, and 39 mg. per 100 ml., respec- 
tively. 

Glucose Concentration Gradients—The total splanchnic hepatic 
and nonhepatic splanchnic glucose concentration gradients in 
the control period and during the first 30 minutes after insulin 
are summarized in Table II. There is significant decrease in the 
total splanchic and nonhepatic splanchnic glucose gradients, but 
no decrease in the hepatic gradient. 

Splanchnic Glucose Output and Hepatic Glucose Output—Since 
statistically significant flow alterations were not observed, the 
concentration gradients reflected their respective regional glu- 
cose output rates (Table II). The calculated splanchnic glucose 
output decreased, whereas concomittantly the hepatic glucose 
output remained the same or slightly increased in each of the 
animals studied. Thirty minutes after the insulin administra- 
tion, maximal hypoglycemia was reached; both increased total 
splanchnic and hepatic glucose output were then found. 


SUMMARY 


In an attempt to characterize the movements of glucose in 
response to insulin, direct simultaneous measurement of concen- 
tration gradients across the liver, total splanchnic and nonhepatie 
splanchnic areas have been combined with a measurement of 
plasma flow. This allows direct comparison of events in each of 
these anatomical regions as a function of time after the introduc- 
tion of an experimental variable. Thus, regional metabolism of 
the splanchnic system may be assessed directly and the metabolic 
events occurring in the liver may be differentiated from those oc- 
curring in the area drained by the portal vein. 

Within this framework (and corroborated by direct perfusion 
data), insulin was found to have no direct immediate effect upon 
hepatic glucose output. Rather, insulin produces an uptake of 
glucose by the nonhepatic splanchnic tissues. 
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Effect of Whole-body X-irradition on Glucose Oxidation by 
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Several investigators have measured in different ways the 
effect of x-irradiation on absorption by the small intestine. In 
early experiments with the intact animal and test substances 
administered by gavage (1-3) investigators failed to consider the 
effect of x-irradiation on gastric emptying time (4-7) and this 
led to erroneous conclusions regarding changes in absorption. 
Thus in an early study (3) a decreased fat absorption in the 
irradiated dog was reported, whereas Mead et al. (8) found that, 
if gastric emptying time is taken into consideration, fat is ab- 
sorbed in the x-irradiated mouse at normal rates. Findings 
similar to that of Mead et al. (8) have been reported, in rats, for 
the absorption of protein (9) and vitamin A (10). Barron et al. 
(2) found a decrease in glucose absorption 2 to 4 hours after 
exposure of rats to x-irradiation and Buchwald (1) observed in 
rats a decrease in glucose absorption 20 to 40 hours after x-ir- 
radiation. Barron and Buchwald administered the test dose of 
glucose by stomach tube. 

Other investigators (11-13), with the use of techniques which 
circumvent the problem of gastric emptying time, did not find 
decreases in the rate of glucose absorption until 72 hours after 
x-irradiation. Detrick et al. (11) measured glucose transport 
through excised segments of rat small intestine at periods of 1 to 
17 days after exposure to 600 r. of whole-body x-irradiation and 
did not find a decline in transport until 3 days postirradiation. 
Dickson (12) measured absorption of glucose from blind intes- 
tinal loops in the intact rat and observed a reduced rate of glucose 
absorption 3 days after 500 r., an effect which he ascribed to a 
possible action of x-rays directly on the intrinsic permeability of 
the intestinal mucosa. Moss (13) determined glucose absorp- 
tion in loops of exteriorized, shielded and x-irradiated small in- 
testine 72 hours after irradiation. Irradiation of the exteriorized 
small bowel with 700 r. decreased the rate of glucose absorption, 
whereas total-body x-irradiation with the small bowel shielded 
produced no significant change in absorption. 

From these findings Moss (13) concluded that changes in 
absorption are due to direct damage to the bowel wall. In an 
attempt to determine the reason for the decreased absorption of 
glucose, Dickson (12) measured the hexokinase activity of the 
x-irradiated intestine and Moss (13) estimated the total phos- 
phorylation activity of the exteriorized x-irradiated small in- 


* This work was supported, in part, by funds provided by the 
Bureau of Medicine and Surgery, United States Navy Depart- 
ment, and the Office of Civilian and Defense Mobilization. 

t The opinions or assertions contained herein are those of the 
authors and are not to be construed as official, or as reflecting the 
views of the Navy Department. 


testine. Dickson observed no impairment of hexokinase ac- 
tivity, whereas Moss found a decrease in phosphorylation. 

It seemed to us that, if x-rays caused either a decrease in 
permeability of the mucosa cells or a decrease in phosphorylation, 
the rate of glucose oxidation by isolated intestinal mucosa cells 
from x-irradiated rats might be less than the rate observed for 
cells from normal animals. The data presented in this paper 
show that this is not the case and, in fact, oxidation of glucose 
is increased in the mucosa of x-irradiated rats. Such an observa- 
tion is, on the surface, not readily reconciled with a decrease in 
phosphorylation or a decreased permeability of intestinal mucosa 
cells. In an effort to explain the observed increase in glucose 
oxidation we have investigated, with the use of radioisotopes, 
glucose intermediary metabolism in the isolated, x-irradiated rat 
small intestine mucosa. The results of these experiments pro- 
vide an explanation of the observed increased oxidation of 
glucose which is not incompatible with a decrease in the rate of 
glucose absorption. 


EXPERIMENTAL 
Methods 


Female Sprague-Dawley rats 10 to 11 weeks of age, weighing 
185 to 220 gm. were used in each experiment. In all experiments 
rats were fasted 24 hours before x-irradiation and the fast con- 
tinued until the experiment was concluded. Animals were ir- 
radiated with 250 kvp. x-rays (15 ma., 1.5-mm. Cu plus 1-mm. 
Al filter, 1.5-mm. Cu half-value layer) at a rate of 25 r. per minute 
(measured in air) and a target-to-skin distance of 40 inches. 
During the irradiation the rats were held in acetate-plastic con- 
tainers and rotated under the x-ray beam (14). Nonirradiated 
rats were held in plastic containers for an equal period of time. 

At the appropriate time after irradiation, control and irradiated 
rats were killed by a blow on the head. A mid-line incision was 
made in the abdomen and the small intestine was exteriorized 
and stripped free of mesenteric blood vessels, pancreas, and 
adhering fat. The section of intestine between the pyloric 
sphincter and the ileocecal junction was removed, cut longi- 
tudinally and the contents blotted away on filter paper. The 
intestine was rinsed 6 times in ice-cold oxygenated Ringer-bi- 
carbonate buffer (15) reblotted on filter paper and placed on an 
ice-cold glass plate, which rested upon a block of ice contained in 
a plastic bag. The mucosa was scraped from the muscularis onto 
the glass plate and the pieces were well mixed. Duplicate 0.6- 
gm. samples were placed in tared 50-ml. center well flasks (16), 
which contained 5 ml. of cold Ringer-bicarbonate buffer and 10 
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ymoles of substrate including labeled compounds containing ap- 
proximately 0.5 we. of C4. The flasks were weighed and the 
amount of tissue added was determined by difference. The mass 
of tissue was broken up by gentle agitation and incubated for 3 
hours at 37° with the use of a procedure based on the technique 
described by Felts et al. (16). 

At the end of the incubation period the carbon dioxide trapped 
in the center well of the incubation flask was determined as 
barium carbonate and the barium carbonate was mounted on 
filter paper disks according to the method of Entenman et al. (17). 
The mucosa and the incubation medium were transferred to a 
glass tissue grinder. Enough distilled water to make a total 
volume of 10 ml. was added and the mixture was homogenized. 
The nitrogen in 1 ml. of homogenate was converted to am- 
monium sulfate by digestion with sulfuric acid containing copper 
selenite as a catalyst; the final stages of digestion were completed 
by the addition of 30 per cent hydrogen peroxide. The nitrogen 
in the digest was then measured by the modified Nessler’s pro- 
cedure outlined by Umbreit et al. (15). The remaining ho- 
mogenate was stored at —20° until the isolation of lactic acid 
was undertaken. When lactic acid was isolated for the purpose 
of determining the C™ content a neutralized aliquot of the ho- 
mogenate supernatant was chromatographed by ion exchange 
according to the method of Busch et al. (18). On the other hand, 
when lactic acid was isolated for the purpose of determining the 
quantity present in the homogenate a separate aliquot of the 
homogenate supernatant was chromatographed on a Dowex 1 
(chloride form) column and the lactic acid was eluted with dilute 
hydrochloric acid. The amount of lactic acid in the eluant was 
then determined by the method of LePage (19). Fructose was 
determined by the method of Roe (20) and glucose was estimated 
by the method of Nelson (21) as modified by Somogyi (22). 
The glucose and fructose analyses were carried out on 1.0 ml. of 
homogenate. Total carbohydrate was estimated by heating the 
sample in 1 N hydrochloric acid for 3 hours at 100° and then 
determining the glucose content of the hydrolysate. 

The radioactivity present in the isolated lactic acid, and the 
activity initially present in the incubation medium were deter- 
mined by converting the compounds to barium carbonate (23), 
mounting the barium carbonate on filter paper disks and count- 
ing the activity with a thin end window Geiger-Miiller tube. 
The activity in the respired CO», which had previously been 
mounted on filter paper disks as barium carbonate, was deter- 
mined in the same manner. All counts were corrected to a 
standard mass of 10 mg. of barium carbonate by the method of 
Henriques et al. (24). The activity present in the lactic acid 
and carbon dioxide is expressed as a percentage of the activity 
added to the incubation medium per mg. of tissue nitrogen. 


RESULTS AND DISCUSSION 


Effect of X-irradiation on Conversion of Glucose-E-C™ to CO» 
by Intestinal Mucosa—A decrease in glucose absorption by the 
x-irradiated rat is not evident in the intact animal 4 hours after 
exposure, but the defect is prominent 72 hours after x-irradiation 
(12, 13). Likewise, in isolated intestinal segments inhibition of 
glucose absorption does not occur until 72 hours after x-irradia- 
tion (11). If x-irradiation influences glucose oxidation only, by 
means of these absorption changes, the rate of glucose oxidation 
should vary in the same manner as its rate of absorption. If 
factors, other than glucose absorption, are altered by x-irradia- 
tion the rate of glucose oxidation may not vary in the same 
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TABLE [| 


Effect of time after x-irradiation on conversion of glucose-E-C™ to 
CO, by rat small intestine mucosa 


Hours after Conversion of glucose-E-C™ 


Hours of fasting ' X-ray dose 


x-irradiation | | to C4O, 
| | %/mg. of N 
27 | 3 | 600 | 0.268 + 0.023* 
| | 0 | 0.100 + 0.009 
48 24 600 + 0.021 
0 0.112 + 0.010 
72 48 600 | 0.290 + 0.019 
0 | 0.110 + 0.008 
96 72 600 | 0.522 + 0.021 
0 | 0.189 + 0.010 
120 96 600 | 1.29 + 0.030 
0! 0.290 + 0.015 


* Values are the average obtained from 3 rats plus or minus 
the standard error of the mean. 


manner as its rate of absorption. In order to detect such ad- 
ditional possible changes, the conversion of glucose-E-C™ to 
C4). by mucosa preparations was measured at various times 
after exposure. | 

Rats were fasted for 24 hours and divided into two groups of 18 
rats each. One group of rats was exposed to 600 r. of whole- 
body x-irradiation and the other group was sham-irradiated. 
The fast was continued until the end of the experiment. At 3, 
24, 48, 72, and 96 hours after irradiation, 3 rats in each group 
were killed and duplicate samples of mucosa were incubated in a 
medium containing 10 umoles of glucose including 237,000 ¢.p.m. 
of glucose-E-C“.! The results are presented in Table 1. Within 
3 hours after x-irradiation the rate of conversion of glucose-k-C™ 
to C™O>s increased about 2.5-fold.2~ From 3 hours to 48 hours 
after x-irradiation the rate of conversion remained constant in 
both x-irradiated and unirradiated mucosa preparations. On 
the 3rd_ postirradiation day the rate of appearance of C™O, in- 
ereased in both x-irradiated and unirradiated preparations. 
However, there was a greater increase in the x-irradiated prepa- 
rations, so that on the 4th day after x-irradiation the rate had 
increased to 4 times that of the control. 

Utilization of Glucose by Small Intestine Mucosa from X-tr- 
radiated Rats—The above findings do not seem to be in accord 
with the report by Barron et al. (2) that x-irradiation causes a 
decrease in the rate of respiration by rat intestinal segments. 
However, Barron’s observation does not necessarily indicate that 
glucose oxidation is decreased, since the rate of respiration is not 
a measure of glucose oxidation, but is a function of a large number 
of oxidations. Likewise, the observed increase in the rate of 
conversion of glucose-E-C™ to C“O. may not be due to an in- 
crease in the rate of glucose oxidation, but could result from a 
decrease in the size of the active glucose pool. To establish 


1 Comparable increases in the rate of conversion of glucose-K- 
to after x-irradiation were observed when 100 uwmoles of 
glucose were added instead of 10 wmoles. 

2 Preliminary experiments showed that the rate of conversion 
of glucose-E-C™ to C™O:, was increased within 1 hour after x-ir- 
radiation. 
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TABLE II 


Utilization of glucose by small intestine mucosa from 
x-irradiated rats 


X-ray dose 
Measurement 
0 r.* 600 r.* 
Free glucose 
2.22 + 0.007 | 2.21 + 0.047 
1.72 + 0.055 | 0.90 + 0.13 
Utilized (%/mg. of N)........ 1.93 + 0.33 | 4.84 + 0.51 
Total carbohydrate 
3.82 + 0.26 | 4.62 + 0.16 
3.20 + 0.10 | 2.78 + 0.15 
Utilized (%/mg. of N)........ 1.30 + 0.22 | 3.23 + 0.20 
Glucose-E-C'* 
Utilized (%/mg. of N)........ 2.20 + 0.25 | 4.86 + 0.32 
Conversion of glucose---C'* to 
CO, (%/mg. of N)........ 0.13 + 0.015 | 0.62 + 0.11 
Conversion of glucose-E-C' to 
lactic acid-C'4 (%/mg. of N).| 2.00 + 0.20 | 4.15 + 0.18 


* Values are the averages obtained from 3 rats plus or minus 
the standard error of the mean. 


whether or not there is increased glucose utilization following 
x-irradiation and to determine the relationship between the 
utilization of glucose and the conversion of glucose-E-C" to C4O,. 
and lactic acid-C™, the following experiment was carried out. 

Rats were fasted for 24 hours and divided into two groups of 
3 rats each. One group of rats was exposed to 600 r. of whole- 
body x-irradiation and the other group was sham-irradiated. 
Fasting was continued and 72 hours after the time of x-irradia- 
tion the animals were killed and 4 samples of mucosa from each 
rat were prepared for incubation. The samples were incubated 
in a medium which contained 12 ywmoles of glucose including 
176,788 c.p.m. of glucose-E-C™. Immediately after the addition 
of the tissue to the incubation medium 0.25 ml. of 5 N sulfuric 
acid was added to two of the preparations and all of the samples 
were incubated for 3 hours. 

At the end of the incubation period the amount of free glucose 
and total carbohydrate present in each sample was determined 
and the respired carbon dioxide, lactic acid, and glucose present 
in the bath were analyzed for C“. The free glucose and total 
carbohydrate found in the samples to which the sulfuric acid 
was added at the start of the incubation period was considered 
to be the amount of free glucose and total carbohydrate initially 
present. The results of this experiment are given in Table IT. 
The yield of C™ as CO, and lactic acid-C™ and the total free 
glucose or total carbohydrate utilized was greater for the x-ir- 
radiated mucosa than for the unirradiated mucosa. Further- 
more, the rate of conversion of glucose-E-C™ to C4O- plus lactic 
acid-C™ was, in both the x-irradiated and unirradiated mucosa, 
equal to the rate of disappearance of. free glucose. On a per- 
centage basis the disappearance of free glucose per mg. of nitrogen 
was equal to the disappearance of glucose-E-C™ per mg. of nitro- 
gen. Thus, it appears that the rate of conversion of glucose- 
E-C™ to CO. and lactic acid-C™ is a measure of the rate of 
glucose oxidation and that the rate of glucose oxidation is in- 
creased following x-irradiation. Since the initial amounts of 
glucose, free or total, were essentially the same in x-irradiated 
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and unirradiated mucosa it seems that the size of the glucose 
pool is not a factor in the increased appearance of C™O. and 
lactic acid-C™ from glucose-E-C" following x-irradiation. 

Bacterial Content of Small Intestine Mucosa and Its Contribu- 
tion to Oxidation of Glucose by Mucosa Preparations—The findings 
of an increase in glucose oxidation in the small intestine mucosa 
after x-irradiation were somewhat surprising. It was felt that 
the observed increase might be a result of an increase in intestinal 
bacteria following x-irradiation. To rule out this possibility the 
following experiments were carried out. 

The bacterial content of the mucosa preparation from fasting 
x-irradiated and unirradiated rats was determined by plating an 
aliquot of each mixture on appropriate bacteriological media at 
the beginning and end of the incubation period. The bacterial 
population of the x-irradiated mucosa was found to be con- 
siderably greater than in the unirradiated mucosa (Table III, 
Experiment 1). In addition, there was a rapid increase in the 
number of organisms during the incubation period. Virtually 
all of the colonies isolated in both the x-irradiated and unir- 
radiated preparations were of the Escherichia coli type. Since 
there was a large difference in the number of organisms isolated 


from x-irradiated and unirradiated cultures, it was necessary to © 


determine the contribution of the bacterial population to the 
oxidation of glucose by the mucosa preparation. Organisms 
isolated from x-irradiated mucosa preparations were cultured 
and, when in the growth phase, a buffer solution containing 58,000 
organisms and 10 uwmoles of glucose including 182,000 c.p.m. of 


glucose-E-C™ per ml. was prepared. This solution, 1 ml., was 


injected into each of four previously autoclaved mixtures of 0.6 
gm. of mucosa and 4 ml. of buffer solution. For comparative 
purposes four samples of unirradiated mucosa, taken from rats 
fasted for 96 hours, were incubated in radioactive glucose buffer 
solution. The results of this experiment are given in Table III, 
Experiment 2. The number of organisms and the extent of their 


TaBLeE III 


Bacterial content of mucosa and conversion of glucose-E-C' to C'40; 
by mucosa-bacterial preparations 


Average number of bacteria ; 
present* Conversion of 
glucose-E-C'* 


to 


peri- Incubation X-ray 
mixture dose 


No. Initial 


Final 


% 


1 | Unirra- 0 21.8 K 10° 0.36 106 
diated mu- 
cosa 

X-irradiated | 600 
mucosa 


2 | Intestinal 0; 25 * 100.41 K 10°, 3.2 + 0.16 
mucosa 
plus endog- 
enous bac- 
teria 

Autoclaved 0 58.5 10° 1.2 10° 0.031 + 0.0031 
mucosa 
in- 
jected bac- 


teria | 


* Values are the averages obtained from 4 samples. 
t Values are the averages obtained from 4 samples plus or minus 
the standard error of the mean. 
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multiplication in the bacterial preparations were comparable to 
that previously observed in x-irradiated mucosa preparations. 
The oxidation of glucose to carbon dioxide by the bacterial 
preparations was 0.031 per cent of the activity added to the 
incubation medium, whereas the. mucosa preparations converted 
3.2 per cent of the activity to carbon dioxide. Thus a maximum 
of 1 per cent of the glucose oxidation observed in unirradiated 
mucosa preparations is due to the action of bacteria and con- 
siderably less than 1 per cent is accounted for by bacterial oxida- 
tion in x-irradiated mucosa preparations. It is noteworthy that 
the rate of glucose oxidation by the bacterial cultures agrees 
closely with the published values for EF. colt (25). 

Effect of Adrenalectomy on Oxidation of Glucose by Mucosa 
Preparations from X-irradiated Rats—An increase in acetate 
oxidation by liver slices, which occurs within 4 hours after x-ir- 
radiation (26), can be prevented by adrenalectomy before x-ir- 
radiation (27). Since increases in glucose oxidation were 
observed in the x-irradiated mucosa within 4 hours after x-irradia- 
tion it was felt that the adrenals may, as in the case of the liver, 
be a contributing factor; therefore, this possibility was investi- 
gated. In the following experiment, 6 rats were adrenalecto- 
mized and 6 rats were sham-operated 3 days before x-irradiation. 

The rats were fasted 24 hours and one-half of the adrenal- 
ectomized and sham-operated rats were exposed to 2500 r. of 
whole-body x-irradiation. The rats were killed 3 hours later 
and mucosa samples were incubated in a medium containing 10 
umoles of glucose including 230,000 ¢.p.m. of glucose-E-C', The 
results of the experiment are given in Table [V. Rather than 
preventing the increase in glucose oxidation following x-irradia- 
tion, adrenalectomy accentuated the increase. It was noted 
that in the mucosa of the adrenalectomized x-irradiated rats 
there was a generalized subepithelial vasodilation which does not 
appear in unirradiated rats and is evident in intact x-irradiated 
rats only after the Ist postirradiation day. 

Oxidation of Glucose-1-C'* and Glucose-6-C™ by Small Intestine 
Mucosa from X-irradiated Rats—The data presented above indi- 
cate that x-irradiation increases some phase of glucose metabo- 
lism in the rat small intestine mucosa. By comparing the yields 
of C4O. from glucose-1-C™ and glucose-6-C™ oxidation it is 
possible to differentiate, in a qualitative manner, an increase in 
metabolism by way of the Embden-Meyerhof pathway from an 
increased rate of metabolism by extraglycolytic pathways (28, 
29). In addition, if the rate of the conversion of glucose to 
lactic acid, as well as to carbon dioxide, is determined, informa- 
tion may be obtained on the relative contributions of the glyco- 
lytic pathway and the citric acid cycle to the observed increased 


TaBLeE LV 


Effect of adrenalectomy on the oxidation of glucose-E-C™ by small 
intestine mucosa from x-irradiated rats 


Hours 

r. [%/meg. of N 

27 3 Adrenalectomized 0; 0.099 + 0.014 

2500 | 0.500 + 0.072 

Intact 0; 0.144 + 0.0018 

2500 | 0.234 + 0.020 


* Values are the averages obtained from 3 rats plus or minus 
the standard error of the mean. 
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TABLE V 


Conversion of radioactive substrates to lactate-C' and C40, by small 
intestine mucosa from x-trradiated rats 


A C | Cu 
%/mg. of N mg. 
1 Glucose-1- (600) 1.42 3.91 5.42 
cu + 0.17 | + 0.47 + 0.29 
0} 0.62 1.90 3.33 
+ 0.13 | + 0.13 + 0.04 
Glucose-6- |600| 0.72 4.69 
Ci“ + 0.14 | + 0.69 
0; 0.12 2.41 
+ 0.002 | + 0.37 
2 Fructose- 600) 0.90 2.08 4.16 
+ 0.13 | + 0.09) + 
0} 0.22 1.53 3.30 
+ 0.09 | + 0.01) + 0.37 
Glucose-E- (600) 2.15 4.27 8.55 
cu + 0.18 | + 0.37) + 0.29] 
0.67 3.22 3.89 
Oj + 0.05 | + on + 0.31 
3 Succinic 600) 3.04 4.86 
acid-2-C'!* + 0.17 + 0.29 
0! 0.65 3.20 
+ 0.34 | + 0.15 


* Values are the averages obtained from 4 rats plus or minus 
the standard error of the mean. 


oxidation of glucose by x-irradiated mucosa. An experiment 
designed to obtain this information was carried out. 

Rats were fasted for 24 hours and divided into two groups of 
4 rats each. One group was exposed to 600 r. whole-body x-ir- 
radiation and the other group was sham-irradiated. The fast 
was continued and 72 hours after the time of irradiation the 
animals were killed. The intestinal mucosa was prepared for 
incubation and the total weight of the mucosa determined. <A 
sample of mucosa was analyzed for lactic acid and the total lactic 
acid content of the mucosa computed. Mucosa samples from 
each rat were incubated in media which contained 10 umoles of 
glucose including 127,100 ¢.p.m. of glucose-1-C™ or 108,600 
c.p.m. of glucose-6-C%. The respired CO, and the lactie acid 
present in the bath at the end of the incubation were analyzed 
for C4. The results of this experiment are given in Table V, 
Experiment 1. 

In each case, the yield of C'™ as cither CO, or lactie acid-C™ 
was greater for the x-irradiated mucosa than the unirradiated 
mucosa. However, the C“O, formed by the oxidation of glu- 
cose-1-C'™ was about 2.5 times greater, whereas the C“O. formed 
by the oxidation of glucose-6-C™ was 6 times greater. In x-ir- 
radiated mucosa the yield of C“O, from glucose-6-C™ averaged 
51 per cent of that obtained from glucose-1-C™, whereas in 
unirradiated mucosa the average yield from glucose-6-C™ was 
only 17 per cent of that obtained from glucose-1-C™. Thus the 
bulk of the increase in glucose oxidation to CO, following x-ir- 
radiation seems to be due to an increased oxidation in the Emb- 
den-Meyerhof-citric acid cycle pathway. On the other hand, 
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the lactic acid-C™ formed by the x-irradiated mucosa from either 
glucose-1-C™ or glucose-6-C'™ was only about twice the amount 
formed by the unirradiated mucosa and in both x-irradiated and 
unirradiated mucosa the yield of lactic acid-C™ from glucose-6- 
C™ was about 25 per cent more than from glucose-1-C™. These 
findings suggest that increased activity in the Embden-Meyerhof 
pathway may not contribute as much to the radiation-induced 
increase in glucose oxidation as does increased citric acid cycle 
activity. In fact, since a high level of aerobic glycolysis is known 
to occur in rat intestinal mucosa (30) all of the increase in lactic 
acid-C' may be derived from increased citric acid cycle activity 
via the conversion of oxaloacetate to lactate. Regardless of the 
mechanism involved, the increase in lactic acid content of the 
mucosa following x-irradiation, coupled with the increase in con- 
version of glucose-C™ to lactic acid-C™, suggests a true increase 
in lactic acid synthesis by the x-irradiated mucosa. 

Oxidation of Fructose-E-C™ to C'%O2 and Lactic Acid-C™ by 
X-irradiated Mucosa—Assuming that the extraglycolytic path- 
way in mucosa is similar to the one depicted in liver by Muntz 
and Murphy (31) it seems that, except for the possibility of a 
rapid reversal of oxidation via the Embden-Meyerhof pathway, 
fructose should not be oxidized to any great extent by way of 
the phosphogluconate shunt. Therefore, if increased oxidation 
via phosphogluconate were responsible for any of the radiation 
effect, the rate of oxidation of fructose by x-irradiated mucosa 
should be, in relation to the control values, less than the rate of 
oxidation of glucose. This possibility was investigated. 

Rats were fasted for 24 hours and divided into two groups of 
4 rats each. One group was exposed to 600 r. of whole-body 
x-irradiation and the other group was sham-irradiated. The 
fast was continued and 72 hours after the time of irradiation the 
animals were killed. The intestinal mucosa was incubated in 
media which contained 10 uwmoles of glucose including 120,000 
c.p.m. of glucose-E-C™ or 10 umoles of fructose including 148,000 
c.p.m. of fructose-E-C™. The glucose and fructose present in 
the preparations at the beginning and end of the incubation 
period were determined and the respired CO, and the lactic acid 
present in the bath at the end of the incubation were analyzed 
for C'. The results are given in Table V, Experiment 2. 

In each case the production of CO, and lactic acid-C™ was 
greater in x-irradiated mucosa and the percentage increase in 
oxidation to C™“O, and lactic acid-C™, due to x-irradiation, was 
the same when fructose-E-C™ was used instead of glucose-E-C™ 
as the substrate. However, the yield of lactic acid-C™ and CO, 
from fructose-E-C™ was less than from glucose-E-C™ in both 
x-irradiated and unirradiated mucosa. This indicates, since 
once fructose enters the Embden-Meyerhof pathway it is in- 
distinguishable from glucose, that the over-all rate of fructose 
oxidation by normal mucosa, under the conditions of the present 
experiments, is limited by the rate at which fructose enters the 
Embden-Meyerhof pathway. Thus, in the case of fructose 
oxidation, an increase in the rate of a reaction which follows the 
formation of fructose 1,6 diphosphate should not give rise to 
increased fructose oxidation. However, in spite of this the yield 
of lactic acid-C™ and CO, from fructose-E-C™ in x-irradiated 
mucosa is greater than in unirradiated mucosa. This may indi- 
eate that following x-irradiation, fructose enters the Embden- 
Meyerhof pathway at an increased rate. But this is not the 
case, since x-irradiation does not cause an increase in the disap- 
pearance of total fructose, whereas there is an increase in the 
disappearance of total glucose. One explanation, which sup- 
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ports the previous findings, is evident. The fructose used was 
evenly labeled, thus both carbons of the acetate fragment enter- 
ing the citric acid cycle were labeled. The rate of the appearence 
of the methyl carbon as lactic acid-C'™ or C4O, depends upon the 
rate at which the citric acid cvcle operates; therefore, an increase 
in citric acid cycle activity should cause an increase in the ap- 
pearance of CO, and lactic acid-C™. Furthermore, if increased 
citric acid cycle activity is the only process contributing to 
increased oxidation of glucose-E-C™ to CO, and lactic acid-C™, 
then the percentage of increase in the oxidation of fructose-E-C™ 
to CO, and lactic acid-C™ should be essentially the same as for 
glucose-E-C™, and such is the case. This is added evidence that 
all of the x-irradiation-induced increase in the conversion of 
glucose-E-C™ to CO, and lactic acid-C"™ is solely a result of 
increased citric acid cycle activity. 

Effect of X-irradiation on Conversion of Succinate-2-C* to C410, 
and Lactic Acid-C™ by Intestinal Mucosa—The previous experi- 
ments have shown an increase in the rate of oxidation of glucose 
to CO, and lactic acid by x-irradiated mucosa. The data suggest 
that the radiation-induced increase is a result of increased citric 
acid cycle activity. If this is true, then the oxidation of a citric 
acid cycle compound should be enhanced to an extent comparable 
to that of glucose. Therefore, the effect of x-irradiation upon 
the oxidation of succinic acid-2-C'™ to and lactic acid-C" 
was investigated. 

Rats were fasted for 24 hours and divided into two groups of 
4 rats each. One group was exposed to 600 r. of whole-body 
x-irradiation and the other group was sham-irradiated. The 
rats were killed 72 hours after the time of irradiation and the 
small intestine mucosa was incubated in a medium containing 10 
umoles of succinic acid including 45,000 ¢.p.m. of succinic acid- 
2-C', The respired CO: and the lactic acid present in the bath 
at the end of the incubation were analyzed for C™. It is shown 
by the data in Table V, Experiment 3, that x-irradiation causes 
an increase in the rate of conversion of succinic acid-2-C™ to 
C40. and lactic acid-C™ which is comparable to the increases 
observed with glucose-C™ as the substrate. The results again 
indicate that the increase in lactic acid-C™ derived from glucose- 
C4 oxidation is a result of increased citric acid cycle activity. 

It is to be noted that succinate-2-C"™ was used as a substrate 
in this study. The conversion of carbon 2 to COz2 requires at 
least 2 turns of the citric acid cycle. Thus, in effect, its oxida- 
tion to CO, is equivalent to the oxidation of any citric acid 
cycle intermediate. Therefore, the choice of a citric acid cycle 
compound used as a substrate should not alter the results. In 
this regard, the findings of Sz6nvi and Varterész (32) are of 
interest. These investigators found, at 20 hours after 600 r. 
total-body x-irradiation, an increase in respiration rate when 
succinate was added to rat duodenal mucosa homogenized in 0.25 
mM sucrose. On the other hand, the addition of fumarate had no 
similar effect. These results could not be expected if, as in this 
study, an increase in citric acid cyele activity is responsible for 
the increase in succinate oxidation. However, the assumption 
that the measurement of respiration reflects the oxidation rate of 
a specific compound is not necessarily valid, since respiration, as 
measured by oxygen uptake, is a function of a large number of 
oxidations. Thus, the addition of fumarate to homogenized x-ir- 


radiated mucosa may not result in an increased rate of respira- 
tion, although the fumarate may have been oxidized at a more 
rapid rate, because simultaneous decreases in other oxidations 
may occur due to the addition of fumarate. 
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Influence of Anaerobic Conditions on Oxidation of Glucose-E-C™ 
to C4'O2 and Lactic Acid-C™% by Small Intestine Mucosa from 
X-irradiated Rats—Oxidation of glucose via the citrie acid cycle 
ean be inhibited by anaerobic conditions. If the increase in 
glucose oxidation by the x-irradiated mucosa is a result of in- 
creased citric acid cycle activity, as indicated by the data above, 
then a sharp reduction in the x-irradiation-induced increase 
should be evident when mucosa is incubated under anaerobic 
conditions. 

Rats were fasted for 24 hours and divided into two groups of 
4 rats each. One group was exposed to 600 r. of whole-body 
x-irradiation and the other group was sham-irradiated. The rats 
were killed 72 hours after irradiation and mucosa samples were 
incubated, under an atmosphere of 95 per cent nitrogen and 5 
per cent carbon dioxide, in a Ringer-bicarbonate buffer saturated 
with a mixture of 95 per cent nitrogen and 5 per cent carbon 
dioxide. Each flask contained 10 umoles of glucose including 
175,500 ¢.p.m. of glucose-E-C™. The respired CO: and the lactic 
acid present at the end of the incubation are shown in Table VI. 
When incubations were carried out under anaerobic conditions 
the conversion of glucose-E-C"™ to lactic acid-C™ and was 
not enhanced by exposure of the rats to x-rays. In fact, the 
oxidation to CO». was decreased by exposure to x-rays, whereas 
the conversion to lactic acid-C'™ was not altered. These findings 
in conjunction with those presented above show that the increase 
in oxidation of glucose-E-C™ to C™O. and lactie acid-C™ after 
x-irradiation is due entirely to increased citric acid cycle activity. 
In addition, the results suggest that x-irradiation does not affect 
the glycolytic (or Embden-Meverhof) portion of the pathway of 
oxidation of glucose. 


TaBLe VI 


Influence of x-irradiation upon the anaerobic oxidation of 
glucose-E-C'4 to C40. and lactic acid-C™ by 
rat small intestine mucosa 


Hours of | Hours after : Conversion of activity to* 
fasting x-irradiation| dose 
Lactic acid-C™ 
of N 
96 72 600 | 0.025 + 0.010 |1.16 + 0.072 
0 0.073 + 0.0094 {1.19 + 0.18 


* Values are the averages obtained from 4 rats plus or minus 
the standard error of the mean. 
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CONCLUSIONS 


The data obtained in this study show that, rather than being 
inhibited, glucose oxidation by rat small intestine mucosa is 
enhanced after x-irradiation. Furthermore, the magnitude of 
the increase in oxidation does not seem to be limited by de- 
creased glucose absorption after x-irradiation, since the greatest 
increases are observed 3 and 4 days after x-irradiation, when 
glucose absorption is most severely depressed (11-13). The 
data strongly point to increased citric acid cycle activity as the 
sole cause for the increase in oxidation of glucose to CO2 and 
lactic acid and, in addition, they suggest that x-irradiation does 
not affect the Embden-Meyerhof portion of the pathway of 
oxidation of glucose. 


SUMMARY 


A method in vitro has been described for determining the rate 
of glucose oxidation by rat small intestine mucosa. By use of 
this method it was found that glucose oxidation is increased in 
mucosa preparations from whole-body x-irradiated rats. In- 
creases in glucose oxidation were found within 3 hours after 
exposure to x-rays. From 3 to 48 hours after x-irradiation the 
level of glucose oxidation remained constant. However, on the 
third postirradiation day the rate increased and this increase 
continued through the fourth postirradiation day. Bacterial 
activity and adrenal stimulation were ruled out as possible causes 
for the observed increases. With the use of specifically labeled 
glucose, it was found that in the normal mucosa there was 
extensive occurrence of extraglycolytic catabolism of glucose. 
In order to determine which phase(s) of glucose metabolism was 
altered by x-irradiation, studies were conducted in which the 
oxidation of glucose-1-C', glucose-6-C™, glucose-E-C™, fructose- 
and succinic acid-2-C™ to CO, and lactic acid-C™ was 
followed. In addition, the oxidation of glucose-E-C™ to CO, 
and lactic acid-C™ by x-irradiated mucosa under anaerobic 
conditions was investigated. It was concluded from these studies 
that the increase in the oxidation of glucose to carbon dioxide 
and lactic acid after x-irradiation is due entirely to increased 
citric acid cycle activity. In addition, the results suggest that 
x-irradiation does not affect the Embden-Meyerhof portion of the 
pathway of oxidation of glucose. 
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Since its isolation from sea-urchin eggs and cow brain by Lind- 
berg (1) 1,2-propanediol-1-phosphate (PDP)' has been found to 
be a component of the acid-soluble organic phosphorus fraction 
of liver from the rat (2) and duck (3), of mammalian lens tissue 
(4) and of mammary gland tissue (5). In spite of the relative 
abundance of PDP in nature, little is known, however, about 
the metabolic interconversions leading to its formation. Rudney 
(6) has demonstrated the conversion of acetone-2C™% to PDP- 
9C in rats and has shown that this process may occur in a 
manner not involving the cleavage of the molecule. Groth et al. 
(7) and Groth and Le Page (8) have shown that, under certain 
conditions, PDP may arise from pyruvate in glycolyzing homog- 
enates of tumors and of normal animal tissues. Acetol-P was 
visualized as an intermediate in this conversion and suggestive 
evidence for its formation was presented (8). Recently it has 
been reported from this laboratory (9) that PDP is formed as a 
result of the reduction of acetol-P by DPNH in the presence of 
myogen A or of a purified but not crystalline preparation of glyc- 
ero-P-dehydrogenase (10). Subsequently it was noted that 
preparations of glycero-P-dehydrogenase, upon storage at 4°, 
gradually lost their ability to catalyze the reduction of acetol-P 
and yet completely retained their activity with dihydroxyacetone- 
P. These observations were interpreted as indicating the exist- 
ence of an enzymatic activity distinct from glycero-P-dehydro- 
genase and which was responsible for the reduction of acetol-P. 
In this paper, evidence is presented for an enzyme which reduces 
acetol-P to PDP and it is proposed that the name 1 , 2-propane- 
diol-1-phosphate dehydrogenase (PDP dehydrogenase) be used to 
designate this new activity. A preliminary report has already 
appeared (11). 

EXPERIMENTAL 


DPN and DPNH were purchased from the Sigma Company, 
St. Louis, Missouri. Crystalline dicyclohexylammonium salt of 
the dimethyl ketal of dihydroxyacetone-P was prepared in this 


* This work was supported by the Division of Research Grants, 
National Institutes of Health, United States Public Health Serv- 
ice, grant No. H-1525. The experimental data are taken from a 
dissertation submitted by Otto Z. Sellinger to the Graduate School 
o* Tulane University in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy. 

+ Present address: Laboratoire de Chimie Physiologique, Uni- 
versité de Louvain, Louvain, Belgium. 

1The abbreviations are: PDP, 1,2-propanediol-1-phosphate; 
PDP dehydrogenase, 1,2-propanediol-1-phosphate dehydrogen- 
ase; Tris, tris(hydroxymethyl)aminomethane; EDTA, ethylene- 
diaminetetraacetic acid. 
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laboratory according to the method of Ballou and Fischer (12). 
The crystalline dicyclohexylammonium salt of the diethyl ketal 
of acetol-P was prepared and converted to acetol-P before use in 
the manner previously described (10). Except for ammonium 
sulfate, the salts used in the inhibition studies were of best com- 
mercial grade available and were used without further purifi- 
cation. Ammonium sulfate was recrystallized from hot water, 
containing 2.0 gm. of EDTA per 1. and made slightly alkaline 
with ammonium hydroxide. When required, a Bantam deionizer 
(Barnstead Company, Boston, Massachusetts) was used to bring 
the ion content of distilled water down to 0.5 to 1.0 p.p.m. 

Total and inorganic phosphorus determinations were made by 
the method of Fiske and SubbaRow (13) and alkali-labile phos- 
phate was determined according to the method of Meyerhof and 
Lohmann (14). The method of Stadtman et al. (15) was used 
for the determination of protein, with bovine serum albumin as 
the standard. Ammonium sulfate concentrations were deter- 
mined by direct nesslerization. The concentration of DPNH 
was measured spectrophotometrically at 340 my using an extine- 
tion coefficient of 6.22 x 106sq. cm. per mole (16). The fraction- 
ation of an extract of rabbit muscle was carried out according 
to the procedure of Beisenherz et al. (17) for glycero-P-dehydro- 
genase unless otherwise noted. The unit of enzymatic activity 
for both glycero-P-dehydrogenase and PDP dehydrogenase is 
that defined by Beisenherz et al. (17). Specific activity is defined 
as units of activity per mg. of protein. 


RESULTS 


Purification—The possibility that two separate enzymes may 
be responsible forthe reduction of acetol-P and dihydroxyacetone- 
P was investigated. The specific activities of glycero-P-dehydro- 
genase fractions were determined using both dihydroxyacetone-P 
and acetol-P as substrate and the ratios between these activities, 
with each substrate, were then compared as the purification 
proceeded. Fractions leading to the purified glycero-P-dehydro- 
genase (17) and fractions normally discarded in this procedure 
were analyzed for activity with each substrate. The observed 
changes in the ratio between the activity of each fraction with 
dihydroxyacetone-P and acetol-P make it apparent that two 
different enzymatic activities were being purified. This is partic- 
ularly evident when the ratios of the specific activities of dia- 
lyzed enzyme fractions are compared (Table I). The fractions 
showed little PDP dehydrogenase activity before the time they 
were dialyzed. It was found that this was chiefly due to a high 
DPNH oxidase activity in the preparations, as demonstrated by 
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TABLE I 


Comparison of glycero-P-dehydrogenase and PDP dehydrogenase 
activities before and after dialysis 


For the spectrophotometric assay of glycero-P-dehydrogenase 
activity, the cuvette contained, in umoles: dihydroxyacetone-P, 
0.24; Tris buffer, pH 7.7, 275; DPNH, approximately 0.25, and 
enzyme never in excess of 100 ug. of protein. For the assay of 
PDP dehydrogenase activity the conditions were as above except 
that 0.45 umoles of acetol-P and 2 mg. of enzyme protein were 
added. The final volume was 3 ml. The control cuvette con- 
tained all the above components but DPNH was omitted. For 
the measurement of the DPNH oxidase activity, acetol-P was 
omitted from both the experimental and the control cuvettes. 
The reaction was started by the addition of enzyme and the first 
absorbance reading was taken not later than 20 seconds thereafter. 
The time, (seconds) for AA3s9 = 0.10 was then determined. When 
PDP dehydrogenase activity was assayed, the time values were 
obtained following the reaction for 600 seconds and plotting the 
absorbance reading versus time. The straight line thus obtained 
was extrapolated up to AA3s9 = 0.10. It was established that this 
procedure gave reliable results inasmuch as the reaction, although 
slow, proceeded at a linear rate throughout the desired range of 
absorbancies. 


Specific activity 
Before dialysis After dialysis 
Fraction 
Glycero- PDP-dehy- ero-P- dehy- 

drogenase| Aronenase| | drogen. (7p) 

(A) ase (D) 

(C) 

39 trace 62 | 0.10) 620 
Solution II........ 52 trace 82 | 0.10 | 820 
Precipitate II. .... 97 trace 147 | 0.20 | 735 
Solution IV.......| 103 trace 92 | 0.13 | 710 
Precipitate VI..... 381 0.066 5,700 | 426* | 0.43 | 985 
Precipitate VII ...; 195 1907 | 0.15 | 1265 
Solution VII...... 83 114 | 0.08 | 1430 
Solution VIII.....| 384 0.036 ; 10,600 | 180 | 0.37 | 485 
Precipitate GPDH.| 366 294 | 0.28 | 1050 


* Range: 324 to 567 in 3 experiments. 
+ Range: 157 to 223 in 3 experiments. 


the disappearance of DPNH (340 my) in the absence of added 
acetol-P. Thus a net PDP dehydrogenase activity could be 
adequately demonstrated in only two of the fractions tested 
(Table I). A trace of activity, however, could be shown in the 
other fractions inasmuch as, within equal times, a greater amount 
of DPNH disappeared in the presence of acetol-P than in the 
absence of added substrate. 

Stability to Dialysis—In order to gain further evidence for the 
existence of PDP dehydrogenase in rabbit muscle, the effect of 
dialysis on the fractions, whose specific activities with acetol-P 
and dihydroxyacetone-P are listed in Table I, was investigated. 
The effect of dialysis on the activity of glycero-P-dehydrogenase 
has not been described and it was thought that dialysis of solutions 
containing this enzyme and PDP dehydrogenase might result 
in an enhancement of the differences between these two activities. 
Aliquots of 5 to 15 ml. of each fraction were dialyzed for 12 to 24 
hours at 4° against 3 to 4 1. of deionized water to remove ammo- 
nium sulfate and other ions present. Glycero-P-dehydrogenase 
and PDP dehydrogenase activities of each dialyzed fraction were 
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determined. It was found that dialysis caused almost complete 
disappearance of DPNH oxidase activity in all of the fractions. 
Moreover, as a result of the dialysis treatment, an appreciable 
net increase in the PDP dehydrogenase activity was observed in 
all fractions. Fig. 1 illustrates the effect of dialysis on a typical 
fraction, precipitate VI. It should be noted that while glycero- 
P-dehydrogenase activity decreased by 53 per cent in solution 
VIII, as a result of dialysis, the PDP dehydrogenase activity in- 
creased by 10-fold (Table I). As one would expect from the 
above, the ratio between glycero-P-dehydrogenase activity and 
PDP dehydrogenase activity is not constant. As the fraction- 
ation proceeds toward isolation of glycero-P-dehydrogenase this 
ratio increases from 620 to 1430. Such a behavior constitutes 
evidence of the existence of a distinct PDP dehydrogenase. 
Moreover, when one compares the ratio of these two activities 
in fractions not designed to isolate glycero-P-dehydrogenase it 
was noted that the ratio dropped from 985 to 485; compare frac- 
tions precipitate VI which is rich in aldolase and solution VIII 
which is rich in lactic dehydrogenase. 

The possibility that the observed reduction of acetol-P may 
have been catalyzed by the lactic dehydrogenase present in so- 
lution VIII was examined. A commercial preparation of twice 
recrystallized lactic dehydrogenase (Nutritional Biochemicals 
Corporation, Cleveland, Ohio) was used and its activity with 
acetol-P and dihydroxyacetone-P tested. Glycero-P- 
dehydrogenase activity could be determined only when large 
amounts of protein (2 mg.) were used. <A specific activity of 
3.84 was observed which is about 1 per cent of the activity of a 
comparable preparation of solution VIII when tested in this 
manner. When this preparation was tested for PDP dehydro- 
genase activity (2 mg. of protein) it was found that crystalline 
lactic dehydrogenase contained about 10 per cent of the PDP 
dehydrogenase activity of solution VIIJ. These results would 
appear to eliminate the lactic dehydrogenase of solution VIII as 
the enzyme responsible for the reduction of acetol-P; rather, they 
indicate that the crystalline lactic dehydrogenase preparation 
contained PDP dehydrogenase and also glycero-P-dehydrogenase 
as contaminants. 

Stability During Storage—Additional evidence for the existence 
of PDP dehydrogenase was provided by experiments in which 


A—A = BEFORE DIALYSIS 
o—o = AFTER DIALYSIS 
0.08 
+AD 
0.06 
L0.04 
q 
0.02 +Ap 
-AP 
O 


100 200 400 
TIME (SECONDS) 


Fic. 1. Effect of dialysis on the activity of propanediol phos- 
phate dehydrogenase. Aliquots (2 mg.) of precipitate VI (Table 
I) were tested for activity with acetol-P (1.5 K 10-4 m) before 
(A——A) and after (O——O) dialysis. The conditions of the 
assay were as described in Table I. 


( 

€ 

£ 
S] 

d 

b 

t] 

a 

e 
ge 

p 

p 
ac 

p 

th 

le 

ra 

ge 

st 

P 


os- 
ble 
ore 
the 


July 1959 


the stability of its activity was compared to that of glycero-P- 
dehydrogenase. The stability of the latter enzyme has been 
previously studied (18) and, when prepared according to the 
method of Beisenherz et al. (17), glycero-P-dehydrogenase has 
been shown to be quite stable. When the activity of glycero-P- 
dehydrogenase was checked following storage of purified and non- 
dialyzed solutions at 4° for one month, it was found that the 
enzyme retained all of its activity. Preparations that had been 
dialyzed and then stored under the same conditions, lost 25 per 
cent of their activity. When the activity of PDP dehydrogenase 
was checked in this manner it was found that 60 per cent of the 
activity was lost in undialyzed preparations and 80 per cent in 
the case of dialyzed preparations that had been stored for 1 
month at 4°. 

Inhibition by Anions—The differential effect of dialysis on the 
two enzymatic activities was of interest because it provided a 
means of studying the ionic requirements of the two enzymes in 
more detail. Experiments designed to clarify this effect were 
undertaken and the fraction, solution VIII, was selected for this 
purpose. This was done because the effect of the dialysis treat- 
ment on this fraction was particularly striking, causing a loss in 
glycero-P-dehydrogenase activity but a gain in PDP dehydro- 
genase activity. On the assumption that the inactivation of 
glycero-P-dehydrogenase of this fraction was due to the removal 
of the ammonium ion by dialysis, the effect of adding ammonium 
sulfate to the dialyzed enzyme was tested. Restoration of the 
activity to predialysis values could not be achieved in this manner. 
On the contrary, a marked inhibition of the enzymatic activity 
was noted when either ammonium sulfate or a number of other 
salts were added back to the dialyzed preparation. Further- 
more, it could be shown that the inhibition was anionic in nature. 
The results of these experiments have recently been reported 
in detail (19). 

Several anions were tested with respect to their effect of PDP 
dehydrogenase and glycero-P-dehydrogenase. Marked differ- 
ences were found to exist in the respective susceptibilities of these 
activities toward inhibition by a givenanion. Table I] illustrates 
the differential effects of formate, sulfite and phosphate in this 
regard. 

Several points of difference were observed with respect to the 
susceptibility of glycero-P-dehydrogenase and PDP dehydro- 
genase to anion inhibition. Although increasing the ionic 
strength for formate caused increased inhibition for glycero-P- 
dehydrogenase it was without effect on PDP dehydrogenase. 
Also it was observed that glycero-P-dehydrogenase was inhibited 
by sulfite and phosphate more than PDP dehydrogenase. On 
the other hand bromide and sulfate inhibited both enzymatic 
activities about equally. The results of these studies further 
emphasize the difference in nature between glycero-P-dehydro- 
genase and PDP-dehydrogenase activities. 

Inhibition of Glycero-P-Dehydrogenase by Acetol-P—As noted 
previously (see legend for Table I) relatively large amounts of 
protein were required to demonstrate PDP dehydrogenase 
activity in the rabbit muscle fractions employed. Two mg. of 
protein were routinely added to cuvettes for the measurement of 
this activity. When it was attempted to use similar protein 
levels with dihydroxyacetone-P as the substrate, extremely rapid 
rates of reaction ensued due to the presence of glycero-P-dehydro- 
genase in every fraction tested. It was impossible therefore to 
study the effect of dihydroxyacetone-P on the reduction of acetol- 
P by PDP dehydrogenase with the use of 2 mg. of protein. 
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TABLE II 
Effect of anions on activities of dialyzed glycero-P-dehydrogenase 
and PDP dehydrogenase 

The spectrophotometric assay described in Table I was used. 
Kach cuvette contained the desired salt added approximately 1 
minute before the enzyme. The enzymatic activities in the ab- 
sence of any added salt were taken as 100 per cent activity and 
the per cent inhibition was calculated from absorbance readings 
obtained 80 seconds after the addition of the enzyme. 


Per cent inhibition 
Anion added Ionic strength* 

Glycero-P-de-| PDP-dehy- 

hydrogenase | drogenase 
0.57 67 70 
Phosphate. .............. 0.19 52 32 


* The ionic strengths listed are taken as due exclusively to the 
added salts. 


Alternately the study of the effect of acetol-P on the reduction of 
dihydroxyacetone-P by glycero-P-dehydrogenase was, however, 
feasible, since the small amounts of glycero-P-dehydrogenase 
necessary (11 ug. of protein) were invariably found to contain no 
measurable PDP dehydrogenase activity. The results of these 
studies showed that acetol-P acts as an inhibitor in the dihydroxy 
acetone-P-glycero-P-dehydrogenase system. Two sets of experi- 
ments were conducted to establish this point. The effect of 
gradually increasing concentrations of acetol-P on the reduction 
of dihydroxyacetone-P by glycero-P-dehydrogenase was first 
determined under conditions in which the concentration of di- 
hydroxyacetone-P (2.1 X 10-4 M) was maintained constant and 
in which near-maximal rates of reaction were attained (10) when 
dihydroxyacetone-P was tested alone. The time required for 
AA3zo = 0.10 in a standardized assay system was determined in 
the absence and, next, in the presence of increasing concentrations 
of acetol-P. Table III illustrates the results obtained. It can 
be seen that as the concentration of acetol-P increased, the time 
required for the desired absorbance change to be attained was 
lengthened. 

The second set of experiments revealed the competitive nature 
of the inhibition of glycero-P-dehydrogenase by acetol-P. Fig. 2 


TABLE III 


Effect of acetol-P on reduction of dihydroxyacetone-P 
by glycero-P-dehydrogenase 
Acetol-P was added to the cuvette containing all the compo- 
nents for the assay (see Table I) of glycero-P-dehydrogenase (di- 
hydroxyacetone-P, 2.1 X 10-4 M) approximately 1 minute before 
the addition of enzyme. Solution VIII was used (15 ug. of pro- 
tein per ml.). 


Acetol-P added Time required for AAs = 0.100 
pmoles/ml. sec. 
0 16 
1.4 27 
2.8 51 
5.6 207 
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Fic. 2. Competitive inhibition of glycero-P-dehydrogenase by 
acetol-P. The spectrophotometric assay described in Table I 
was used. Lineweaver-Burk plot (top) of data obtained from a 
Michaelis-Menten plot (bottom) of data which resulted when 10.8 
ug. of glycero-P-dehydrogenase protein was used and the concen- 
tration of dihydroxyacetone-P was varied as indicated. When 
added, acetol-P was present at a concentration of 2.8 X 1073 M. 
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Fic. 3. Effect of acetol phosphate concentration. For the 
spectrophotometric assay (Table I) 2.0 mg. of PDP dehydrogenase 
protein, dialyzed solution VIII (specific activity, 0.37), was used. 
The concentrations of acetol-P were: Curve A, 0.29 X 1073 M; 
Curve B, 0.72 X 10-3 mM; Curve C, 1.45 X 10-3 Mm; and Curve D, 2.9 X 
10-3 


shows the results of this experiment expressed in the double- 
reciprocal plot (top) of Lineweaver and Burk (20) and in the 
Michaelis-Menten (21) plot (bottom). K,,, for dihydroxyacetone- 
P was calculated to be 0.75 X 10-4 m and K; as 1.32 X 107? M. 
When the inhibition data were plotted according to the procedure 
of Hunter and Downs (22) a straight line was obtained, thereby 
confirming the competitive nature of the inhibition exerted by 
acetol-P. A value of 1.3 xX 10-3 m was obtained for K;, in 
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excellent agreement with K; as obtained from the double-recip- 
rocal plot. 

Effect of Substrate and Enzyme Concentration—The effect of 
acetol-P concentration on the velocity of the PDP dehydrogenase 
reaction is shown in Fig. 3. A dialyzed preparation of solution 
VIII was used in these experiments. It can be seen that the rate 
of the reaction maintained a linear dependence with time, over a 
10-fold concentration range of acetol-P and for at least 5 minutes. 
When these data were plotted according to Lineweaver and Burk 
(20) a satisfactory straight line was obtained. The K,, was esti- 
mated to be 5.5 & 10-* M, a value which is approximately double 
the highest concentration of substrate actually tested. These 
results indicate that the reaction of acetol-P with PDP dehydro- 
genase occurs over a relatively wider range of substrate concentra- 
tions than the reaction of dihydroxyacetone with glycero-P- 
dehydrogenase (Fig. 2A). Fig. 4 illustrates the relationship 
between the reaction rate and the protein concentration. This 
relationship is linear up to the addition of approximately 8 mg. 
of protein to each cuvette. 

Effect of pH on Activity of PDP Dehydrogenase—The influence 
of pH on the activity of PDP dehydrogenase was studied and 
for this purpose, enzymatically prepared acetol-P (9) was used 
as the substrate. Freshly prepared, nondialyzed myogen A 
served as the source of PDP dehydrogenase. Theresults obtained 
using a number of buffers over the pH range 5.4 to 9.6 are shown 
in Fig. 5. The lack of continuity in Curve A indicated that, in 
addition to a pH effect, there was operative a superimposed effect 
due to the particular ionic species present. Although this ionic 
effect on the nondialyzed PDP dehydrogenase was not studied 
in detail, it is strongly reminiscent of the effect of anions on 
dialyzed PDP dehydrogenase preparations, described above. 
Particularly noteworthy in this regard is the inhibitory effect of 
borate ion (pH 8.5). When Tris buffer was used and the activity 
of PDP dehydrogenase was studied over the range pH 7.0 to 8.8, 
an optimal pH of 7.7 was found (Curve B, Fig. 5). A comparison 
of the PDP dehydrogenase activities at pH 7.0 and pH 8.15 in 
phosphate and Tris buffers emphasizes the inhibitory effect of 
the former anion, as evidenced by the much lower activity ob- 
tained in phosphate buffer. No such inhibitory effect of phos- 
phate on glycero-P-dehydrogenase has been noted by Young 
and Pace (23), using the crystalline enzyme. As noted in a pre- 
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Fic. 5. Effect of pH. For the assays shown in Curve A the 
cuvette contained, in a final volume of 3 ml., 0.3 zmoles of DPNH, 
3.5 mg. of myogen A (10), 0.5 ml. of a solution containing en- 
zymatically synthesized acetol-P (approximately 0.25 umoles (9)) 
and buffer as follows: acetate, 440 umoles, pH 5.4; phosphate, 220 
pmoles, pH 7.0 and 8.15; Tris, 265 wmoles, pH 7.4; borate, 220 
pmoles, pH 8.9; and Veronal, 220 umoles, pH 9.6. Tris buffer, 
8.8 X 10-2 mM, was used throughout the pH range 7.0 to 8.8 in the 
experiments shown in Curve B. 


vious communication (10) the reverse reaction, namely the 
dehydrogenation of pt-PDP in the presence of DPN is sluggish 
and must be followed at an alkaline pH. 

Identification of Reaction Product—PDP was identified as the 
product of the enzymatic reduction of acetol-P in the following 
manner. Reaction mixtures containing acetol-P, DPNH and 
Tris buffer as used for the spectrophotometric assay were incu- 
bated in the presence of PDP dehydrogenase and the reaction was 
allowed to proceed in the cuvette until no further change in ab- 
sorbance at 340 my was noted. The contents of 4 such cuvettes 
were pooled and lyophilized. The residue was dissolved in 3 ml. 
of water and 350 mg. of Dowex 50-H* was added. Following 
brief shaking (30 seconds) and removal of the resin by centrif- 
ugation the acid supernatant fluid was freed of nucleotides by 
addition of 120 mg. of acid-washed charcoal (Norit) (24). The 
supernatant liquid obtained following centrifugation of the char- 
coal was carefully neutralized and was then lyophilized. An 
aqueous solution (0.1 ml.) of the resulting residue was chromato- 
graphed on S and § paper No. 589 (blue ribbon) in solvent A, 
3 parts acetone and 2 parts 35 per cent (weight per volume) 
monochloracetic acid (25); and in solvent B, 3 parts acetone and 
2 parts formic acid (35 per cent, volume per volume). The 
reagent of Hanes and Isherwood (26) was used for the detection 
of PDP which appeared as a blue spot following exposure of the 
dry chromatograms to the light of an ultraviolet lamp (Ultra- 
Violet Products, Inc.,South Pasadena, California) using the short- 
wave filter. Synthetic barium-PDP (27) which had been sub- 
jected to the above treatments with Dowex 50 and charcoal was 
used as a reference standard in chromatography. The R, values 
obtained in solvents A and B respectively were: synthetic PDP, 
0.54 and 0.84; and enzymatic PDP, 0.54 and 0.83. It was not 
ascertained whether the enzymatically formed PDP was the L- or 
the p-isomer. 


DISCUSSION 


As a result of the experiments reported herein, the enzymatic 
reduction of acetol-P previously attributed to the soluble glyc- 
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ero-P-dehydrogenase of rabbit muscle (3, 10) has now been 
shown to be catalyzed by a distinct dehydrogenase present in the 
same tissue and termed PDP dehydrogenase. The differential 
effect of dialysis, the resulting change in the ratios of the specific 
activities of glycero-P-dehydrogenase and PDP dehydrogenase 
with dihydroxyacetone-P and acetol-P as respective substrates, 
the differential behavior of the 2 enzymatic activities upon stor- 
age as well as differences in susceptibility to inhibition by a num- 
ber of anions are adduced as evidence for the existence of PDP 
dehydrogenase. It should be pointed out, however, that the 
purification procedure employed is designed to provide glycero-P- 
dehydrogenase and therefore, in all likelihood, it is far from opti- 
mal for the purification of PDP dehydrogenase. The fact that 
only a4-fold purification of PDP dehydrogenase could be achieved 
while glycero-P-dehydrogenase, under the same conditions, under- 
went a 7-fold purification appears to support this contention. 
Moreover, the magnitude of the experimentally determined 
glycero-P-dehydrogenase to PDP dehydrogenase specific activity 
ratios suggests that the levels of PDP dehydrogenase in rabbit 
muscle are low compared to those of glycero-P-dehydrogenase. 
With rat skeletal muscle, Young and Pace (28) have recently 
determined the concentration of glycero-P-dehydrogenase in 
this tissue and found it to be 0.17 mg. per gm. of dry weight in 
male rats. On the basis of the experiments reported herein, the 
concentration of PDP dehydrogenase in this tissue would have 
to be smaller by at least a factor of 100. 

The effect of dialysis on the activities of glycero-P-dehydro- 
genase and PDP dehydrogenase is of particular interest. In con- 
junction with other techniques, dialysis has frequently been used 
in the study of enzyme individuality. Recently, for example, it 
has been shown that dialysis causes a loss of activity of the acid 
phosphatase of wheat leaf toward ribose-5-phosphate but an in- 
crease in activity toward glucose-1-phosphate (29) and the pres- 
ence of a group of phosphatases rather than of one single enzyme 
has been postulated to account for this finding. Leloir et al. 
(30) have recently also used dialysis in order to demonstrate the 
existence of acetylglucosamine kinase as distinct from acetyl- 
galactosamine kinase. In our experiments a striking differential 
effect of dialysis on the two enzymatic activities tested was ob- 
served. Whereas glycero-P-dehydrogenase showed a maximal 
increase in activity following dialysis of only about 1.5-fold (so- 
lutions I, II, VI and precipitate II) a 6-fold increase in the ac- 
tivity of PDP dehydrogenase was observed in precipitate VI and 
a 10-fold increase in Solution VIII, as compared to predialysis 
values. While this activating effect on PDP dehydrogenase was 
noted uniformly in all fractions, glycero-P-dehydrogenase ac- 
tivity, on the contrary, was noted to diminish in a number of 
fractions as a result of dialysis, in one instance by more than 50 
per cent (solution VIII). 

The finding that myogen A catalyzes the oxidation of PDP 
was originally reported by Miller et al. (3). It is now very proba- 
ble that PDP dehydrogenase is the enzyme responsible for this 
reaction. Thus the substrate specificity of glycero-P-dehydro- 
genase appears to remain limited to glycero-P and dihydroxy- 
acetone-P as is also suggested by the inhibitory effect of acetol-P 
on glycero-P-dehydrogenase. The oxidation of PDP by a DPN- 
linked dehydrogenase of Micrococcus ureae grown on 2,3-butane- 
diol has recently been reported by Juni and Heym (31) who noted 
that the oxidation of PDP proceeded half as fast as that of 1 ,2- 
propanediol. The results of recent studies on the metabolism 
of PDP by whole yeast cells (32, 33) are in general agreement 
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with the observations of Juni and Heym (31) inasmuch as they 
bear out the fact that, in microorganisms, 1,2-propanediol is 
metabolized more efficiently than its a-phosphorylated deriva- 
tive. 

As has recently been reported from this laboratory (9) acetol 
phosphate is formed from acetol and ATP by means of an enzyme 
present in the liver and kidney of the rat and the rabbit and this 
kinase has been shown to be distinct from glycerokinase (34, 
35). The possibility that the naturally occurring PDP may be 
formed as a result of the following sequence of reactions is thus 
clearly outlined, where Reaction 1 is catalyzed by acetol 


acetol + ATP — acetol phosphate (1) 
acetol phosphate + DPNH + H+ = PDP + DPN (2) 


kinase (9, 36) (hydroxyacetone phosphokinase (37)) and Reac- 
tion 2 by PDP dehydrogenase. 


Acta, 29, 74 (1958). 


Metabolism of Acetol Phosphate 


Vol. 234, No. 7 


SUMMARY 


1. Evidence for the existence in rabbit muscle of an enzyme, 
distinct from the soluble a-glycerophosphate dehydrogenase, 
and catalyzing the reaction acetol phosphate + DPNH + H+ 2 
propanediol phosphate + DPN has been presented. The en- 
zyme has been termed 1,2-propanediol-1-phosphate dehydro- 
genase. 

2. The product of the reduction of acetol phosphate has been 
identified as 1 ,2-propanediol 1-phosphate. 

3. The effect of dialysis, storage and of anions on both a-glyc- 
erophosphate and propanediol phosphate dehydrogenase have 
been studied. 

4. Acetol phosphate has been shown to be a competitive in- 
hibitor of a-glycerophosphate dehydrogenase. 

5. A possible pathway for the formation of the naturally oc- 
curring PDP was discussed. 


(1958). 
. Roserts, D. W.A., J. Biol. Chem., 230, 213 (1958). 
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A molecule of heparin is composed of approximately 25 glucos- 
amine, 25 glucuronic acid and 75 sulfate residues united, in as 
yet undetermined sequence, by five known covalent bonds (one 
glucosaminidic, one glucuronidic, one sulfamide and two sulf- 
ester) with the existence of unknown structures still a possibility 
(cf. 1). Thus, making even the simplest assumptions for the 
structure of heparin, many alternative pathways of biosynthesis 
may be envisaged. Of these, the two extremes are: (a) the initial 
formation of suitably sulfated hexose derivatives which would 
then be polymerized by the appropriate glycosidic linkages, and 
(b) the prior synthesis of a nonsulfated mucopolysaccharide which 
would then serve as the sulfate acceptor. There are no reasons, 
however, to exclude the possibility of sulfation occurring at some 
intermediate stage of complexity, nor even to assume that the 
several different sulfate substituents are added to the molecule 
at the same stage of polymerization. 

The presence in extracts of hen oviduct of uridine diphosphate 
N-acetylglucosamine sulfate (2), a presumed precursor of chon- 
droitin sulfate, led to the initial assumption that similar com- 
pounds might be involved in the biosynthesis of heparin in mast 
cell tumors. This tissue has been previously shown (3) to in- 
corporate both glucose and sulfate into heparin, in vitro. How- 
ever, a search for such nucleotide derivatives of sulfated glucos- 
amine and glucuronic acid in aqueous extracts of mouse mast 
cell tumor was unsuccessful (4). 

The data in this paper give tentative support to the wiatnins 
hypothesis that at least some of the sulfate moieties of heparin 
may be added to the fully synthesized carbohydrate chain. In 
this reaction, phosphoadenosylphosphosulfate has been indicated 
as an intermediate. It has not been possible, however, to de- 
termine whether all of the sulfate groups are added at this stage 
of polymerization, or even to be certain that the radioactive 
sulfate which is incorporated occupies normal sites in the heparin 


molecule. 


EXPERIMENTAL 


Radioactive inorganic sulfate was obtained from Volk Radio- 
active Chemical Company. Heparin (120 units per mg.) was a 
gift of Dr. L. L. Coleman of The Upjohn Company. 

Mast cell tumors (5) were harvested 14 days after subcutaneous 
implantation into strain DBAf/2 mice, and homogenized in two 


volumes of buffer of the composition: sodium phosphate, pH 
74, 0.1 M; KCI, 0.13 m; KHCOs, 0.04 


All vessels were incubated at 37° and the reaction stopped by 


_ placing them in a boiling water bath. After removing the coagu- 
_ lated protein, heparin was isolated by a method described in 
_ detail in an earlier publication (6). 
- Tepeated precipitation of heparin as the cetyltrimethylammo- 


This procedure involves the 


nium complex from 1 m NaCl, removal of the quaternary amine 
as the thiocyanate complex, and exhaustive dialysis of the heparin 
in heated (85° for 3 days) dialysis sacs. The specificity of this 
method has been established in its application to the isolation of 
radioactive heparin from slices of mouse mast cell tumor incu- 
bated with radioactive glucose or sulfate (7). 

The concentration of heparin in the dialyzed solution was de- 
termined by metachromatic assay with azure A (8). The solu- 
tion was then evaporated to dryness on a steam bath and the 
residue was transferred in water to a planchet for the determina- 
tion of radioactivity. Since the amount of heparin present in 
each vessel was constant, within any one experiment, and the 
isolation procedure is quantitative, the weight of sample on each 
planchet was the same thus ss ceameriati the need for correcting 
the observed radioactivity. 


RESULTS 


Preparation of Enzymes—In a preliminary experiment, a mast 
cell tumor homogenate was separated centrifugally into the frac- 
tion which sedimented in 10 minutes at 60 X g, the fraction 
which sedimented in 10 minutes at 10,000 x g, and the final 
supernatant fluid. These three fractions were then incubated 
separately, and in combination, with radioactive sulfate, ATP, 
and MgCl, and the endogenous heparin was isolated. Although 
in some instances the heparin was radioactive, the results were 
obscured by apparent inhibitions and stimulations among the 
several fractions and the obvious heterogeneity of the extremely 
viscous sediment obtained at 60 x g. 

On the basis of this experiment, however, the protocol was 
altered so that two fractions were prepared: (a) the cytoplasmic 
granules which sedimented in 15 minutes at 10,000 x g, after 
first discarding the material which sedimented at 60 xX g, and 
(b) the supernatant solution obtained after centrifuging for 1 
hour at 105,000 x g. Aliquots of these two fractions were as- 
sayed alone and together for their ability to incorporate sulfate 
into heparin using only endogenous acceptors. The remainder 
of the material was lyophilized. 

It would appear from the results tabulated in Table I that all 
the necessary enzymes are located in the soluble fraction while 
the granules, and, more especially, the boiled granules, contain a 
stimulatory factor. Since it had been found previously that the 
granules are rich in heparin which may be released into solution 
by boiling (6), it seemed probable that this stimulatory factor 
was heparin itself acting, directly or indirectly, as an acceptor 
for the radioactive sulfate. 

In a direct test of this hypothesis, it was found (Table II) 
that heparin, in amounts equivalent to that present in the gran- 
ules, caused a 4-fold increase in the amount of sulfate incorporated 
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TABLE I T T T 
Localization of enzymes catalyzing the sulfation of heparin 300 -- % " 
Each vessel contained, in a total volume of 6 ml.: 2.5 wmoles of 
ATP, 10 uwmoles of MgCle, 6.25 wmoles of Na2S*5O, (2.1 wC per 250 + a 
umole) and the indicated fraction obtained from 2.5 gm. of mast . 
celltumor. The vessels were incubated for 2 hours and, then, 10 200 + ae 
mg. of heparin was added to each vessel and the reaction imme- 
diately stopped. = 150 - a 
a. 
Fraction assayed 
Heparin radioactivity lOO F 
Soluble Granules 
c.p.m. 90 
_ + 90 
4. +* 4435 HOURS 
7 - 20 Fic. 1. Incorporation of radioactive sulfate into heparin as a 


* These fractions had been previously heated in a boiling water 
bath for 10 minutes. 


TABLE II 
Replacement of boiled granules with heparin 

Each vessel contained, in a total volume of 6 ml.: 25 ymoles of 
ATP, 10 umoles of MgCle, 6.25 umoles of Na2S**O, (2.1 uC per 
umole) and the soluble fraction derived from 2.5 gm. of tumor. 
Where indicated the granules obtained from 2.5 gm. of tumor or 
5 mg. of heparin were added. The granules and soluble fraction 
were prepared by reconstituting lyophilized preparations with 
water to their original volumes. They were obtained from the 
same tumor homogenate as those used in the experiment described 
in Table I. Where heparin was not present during the incubation, 
it was added just before stopping the reaction. 


Addition 
Heparin radioactivity 
Granules Heparin 

c. p.m. 
1460 
+ —_ 205 
+* 2205 
6480 


* These granules were boiled for 10 minutes. 


into heparin by the soluble fraction. Further, a comparison of 
Tables I and II indicates that, although the enzymes of the 
soluble fraction retain complete activity, lyophilization renders 
the granules inhibitory and the boiled granules much less stimu- 
latory. The reason for this is unknown. 

In all further experiments reported in this paper the enzyme 
fraction was prepared by dissolving the lyophilized soluble frac- 
tion in water to its original volume. 

Activity Versus Concentration of Enzyme and Time of Incuba- 
tion—The amount of radioactive sulfate incorporated into hepa- 
rin is directly proportional to the time of incubation (Fig. 1), 
and increases, but not linearly, with increased concentrations of 
enzyme (Fig. 2). 

Activity Versus Concentration of Heparin, ATP, and Sulfate— 
The effect of increasing the concentration of heparin is shown in 
Fig. 3. It is probable that the activity found in the absence of 
added heparin is due to that already present in the enzyme prepa- 
ration (approximately 10 per cent of the heparin of the mast cell 


function of the time of incubation. Each vessel contained 1 ml. 
of enzyme, 25 umoles of ATP, 2 mg. of heparin, 10 umoles of MgCl. 
and 6.25 pmoles of Na2S*5O, (0.4 uC per umole) in a total volume 
of 2.5 ml. 
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Fic. 2. Incorporation of radioactive sulfate into heparin as a 
function of the enzyme concentration. 


of incubation was constant at 90 minutes. 


HEPARIN mg./ml. 


Fic. 3. Incorporation of radioactive sulfate into heparin as a — 
Conditions were as in 
Fig. 1, except that the concentration of heparin was varied. In- | 


function of the heparin concentration. 


cubation time was 90 minutes. 


Conditions were as in © 
Fig. 1 except that the amount of enzyme was varied and the time © 


Fr, Th 


a 
a 
al 
500 
ot 
400 6 
he 
300 

200 
100 
No 
He 
S35 
He 
AT 
AT 
AT 


a 


ne 


July 1959 


is obtained in this fraction (6)) but there may be other acceptor 
substances. 

There is an absolute requirement for ATP and, within the 
range tested, some dependence on the concentration of radio- 
active sulfate (Table III). No requirement for Mg++ was de- 
monstrable with this preparation. Dialysis totally inactivated 
the enzyme. Although this was sometimes prevented by the 
presence of cysteine in the dialysis medium, the results with 
dialyzed enzyme were never reliable or predictable. No effect 
of boiled extract could be shown on either the dialyzed or un- 
dialyzed enzyme. 

Stabilization of Enzyme by Its Substrates—The enzyme prepa- 
ration is irreversibly inactivated when incubated at 37° for short 
periods of time. This inactivation may be partially prevented 
by ATP and almost totally protected against by a combination 
of ATP and heparin (Table IV). Neither heparin nor sulfate, 
alone or together, afford any protection. 

Preincubation of the enzyme with ATP and radioactive sulfate 
seemed to enhance the sulfation of the heparin added later. 
Since control experiments demonstrated that this was not due 
to sulfation of any endogenous acceptors during the preincuba- 
tion period, it seemed that, in addition to stabilizing the enzymes, 


TABLE III 
Effect of the ATP and sulfate concentrations 


All the vessels contained 2 mg. of heparin, 10 ymoles of MgCl. 
and 1 ml. of enzyme in a total volume of 2.5 ml. The sulfate had 
a specific activity of 0.4 uC per umole. 


E. D. Korn 


Substrate concentration 
Heparin radioactivity 
ATP S350." 
yumoles/ml. pmoles/ml. c.p.m. 

0 2.5 8 

2 oO 58 
10 2.5 98 
20 2.5 63 
10 1.0 66 
10 5.0 96 

TABLE LV 


Stabilization of the enzyme by its substrates 

Ienzyme, 1 ml., was preincubated with 10 wmoles of MgCl: and 
any other additions in a total volume of 2 ml. for 30 minutes at 
37° (except for the indicated vessel which was kept at 0°). The 
other components were then added and the incubation continued 
for another 2 hours. The complete system contained 4 mg. of 
heparin, 25 wmoles of ATP, 6.25 wmoles of Na2S*5O, (0.4 uC per 
umole) and 1 ml. of enzyme in a total volume of 2.5 ml. 


Addition during preincubation Heparin radioactivity 

c.p.m. 
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TABLE V 


Demonstration of the formation of an intermediate 
from ATP and inorganic sulfate 


In the first incubation, 1 ml. of enzyme was incubated with 10 
umoles of MgClz and substrate (ATP 25 umoles, sulfate 6.25 
umoles) in a total volume of 2.5 ml. After 1 hour the vessels 
were heated in a boiling water bath for 10 minutes, the coagulated 
protein then removed, and the solutions used as substrates in the 
second incubation. 

In the second incubation, 1 ml. of fresh enzyme was incubated 
with an aliquot of 0.75 ml. from each of the four vessels of the first 
incubation both with (B) and without (A) the addition of ATP 
(25 wmoles). Heparin, 4 mg., was also added to all eight vessels. 
Radioactive sulfate, 2.5 umoles, was added to each vessel in which 
it was not present during the first incubation. The total volume 
of the incubation mixture was 2.5 ml. The specific activity of 
the radioactive sulfate was 2.1 uC per umole in all except vessels 
4A and 4B where it was 0.4 uC per umole. The observed radio- 
activity in the heparin obtained from these two vessels has been 
multiplied by five. The second incubation was also for a period 
of one hour. 


First incubation Second incubation 
Heparin 
radioactivity 
Vessel Substrate Vessel Addition 
c.p.m. 
1 S30." A 55 
B ATP 1098 
2 ATP A $350," 78 
B $350,-, ATP 1674 
3 ATP, 8350," A 1303 
B ATP 1470 
4 ATP, SO." A 37 
B $4O0,-, ATP 48 


ATP and 8*5O,7 react to form an intermediate which is an effi- 
cient donor of sulfate groups to heparin. 

Direct Demonstration of Formation of Intermediate—From what 
is known about the activation of sulfate for the sulfation of 
phenols, steroids, and chondroitin sulfate (cf. 9), it seemed most 
likely that the intermediate formed from ATP and sulfate would 
be phosphoadenosylphosphosulfate, and that, therefore, the 
transfer of sulfate from the intermediate to heparin should not 
require ATP. The following experiment was designed to de- 
termine whether or not this were so. 

Equal volumes of enzyme were incubated with (a) radioactive 
sulfate, (b) ATP, (c) ATP + radioactive sulfate, and (d) ATP + 
nonradioactive sulfate (Table V). The reactions were stopped 
by placing the vessels in a boiling water bath and the coagulated 
protein removed. Duplicate aliquots of each of the four reac- 
tion mixtures were then incubated with fresh enzyme in the 
presence of added heparin both with and without ATP. Radio- 
active sulfate was also added to those vessels in which it was 
not present during the first incubation so that the contents of all 
the vessels were identical during this second incubation except 
for anything which may have been formed in the first incubation. 
Control experiments established that during the first incubation 
only negligible amounts of radioactivity in vessels 1 and 3 were 
incorporated into anything which was isolated with heparin. 

The results of this experiment are given on Table V. Vessels 
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Fic. 4. Paper electrophoretic evidence for the formation of 


phosphoadenosylphosphosulfate. Aliquots were removed from 
vessels 1, 2, and 3 (Table V) after the first incubation. ATP was 
then added to sample 1 and Na2S*5O, to sample 2 as markers. 
The three samples were then analyzed by paper electrophoresis 
on the same strip of filter paper in 0.02 m citrate buffer, pH 4.75, 
for 6 hours at 500 volts (10 volts perem.). Ultraviolet quenching 
spots are indicated by the open areas and radioactive spots by 
the solid areas. The ATP moved 18 cm. and the inorganic sulfate 
approximately 40 cm. | 


1A and 1B indicate the usual requirement for ATP for the sulfa- 
tion of heparin. Vessels 2A and 2B lead to the conclusion 
(which is established below) that ATP was completely destroyed 
during the first incubation and so must be added again for in- 
corporation of inorganic sulfate into heparin in the second incu- 
bation. The equal radioactivity in the heparin from vessels 
3A and 3B, therefore, demonstrates the formation of a radioac- 
tive compound from ATP and §*0,- which can sulfate heparin 
in the absence of ATP. The absence of radioactivity in the 
heparin isolated from vessel 4B indicates that this intermediate 
(in this case nonradioactive) is formed in quantities sufficient to 
dilute completely any contribution from inorganic sulfate. 

Paper Electrophoretic Demonstration of Phosphoadenosylphos- 
phosulfate—Aliquots which were removed from vessels 1, 2, and 


TaBLE VI 
Acid hydrolysis of radioactive heparin 

Samples of radioactive heparin were hydrolyzed in 0.04 n HCl 
at 100° and aliquots removed for determination of liberated amino 
groups and nondialyzable radioactivity as described in the text. 
The liberation of amino groups was assumed to be complete in 
120 minutes because no further increase was noted when the hy- 
drolysis was continued for another 60 minutes and the value ob- 
tained agreed with that in the literature (11). 


Enzymatic Sulfation of Heparin 


Vol. 234, No. 7 


3 after the first incubation described above were analyzed by 
paper electrophoresis (Fig. 4). The absence of ATP from sam- 
ples 2 and 3 (and the presence of compounds with the mobilities 
of ADP and AMP) is just what would be predicted from the data 
in Table V. Sample 3, in which ATP and radioactive sulfate 
were incubated together, is the only one which gave a radio- 
active spot other than inorganic sulfate. The position of this 
radioactive area with respect to ATP corresponds exactly to that 
found for phosphoadenosylphosphosulfate by Robbins and Lip- 
mann (10). The spot could not be detected under the ultra- 
violet lamp. 

Location of Radioactive Sulfate in Heparin—The amide and 
ester sulfate groups of heparin are readily distinguishable by the 
greater lability of the former in dilute acid (11). Accordingly, 
samples of radioactive heparin were hydrolyzed at 100° in 0.04 
N HCl and the nondialyzable radioactivity determined. In 
control experiments it was found that radioactive inorganic sul- 
fate was completely removed and radioactive heparin completely 
retained during the dialysis. In two experiments the rate of 
hydrolysis of the amide linkage was followed by determination 
of the liberated amino groups by reaction with fluorodinitro- 
benzene (11). It was found (Table VI) that free amino groups 
were formed much more rapidly than radioactivity was lost 
indicating that most of the labeled sulfate had been fixed into 
ester linkages. The amount, if any, of the radioactive sulfate 
originally present in amide groups is difficult to estimate. 


DISCUSSION 


Although it seems certain that the soluble fraction of mast 
cells contains the necessary enzymes to synthesize phosphoade- 
nosylphosphosulfate from ATP and inorganic sulfate and then 
transfer this active sulfate to heparin, it is not possible to ex- 
trapolate much beyond these facts. The reaction which has been 
followed is most probably an exchange of the sulfate moiety of 
phosphoadenosylphosphosulfate for some of the pre-existing sul- 
fate groups in heparin. The amide sulfate is probably not 
involved in this reaction. It remains possible, however, that 
the newly incorporated radioactive sulfate occupies sites that 
were not esterified originally. Techniques are not now available 
with which to decide between these alternatives. That heparin 


Experiment Duration of Free amino Loss of. 2 ‘ ' 
: hydrolysis groups radioactivity itself, and not a breakdown product, is the acceptor molecule is 
indicated by the fact that, even after prolonged incubation, all 
I 0 0 0 the original heparin is quantitatively recoverable. It is apparent 
60 74 13 that much more must be known of the chemistry of heparin 
120 100 50 before biosynthetic studies such as this can be interpreted un- 
equivocally. 
II 0 0 0 

60 46 11 SUMMARY 
-_ _ ts The soluble fraction of mast cell tumors catalyzes the incor- 
poration of inorganic sulfate into heparin. This reaction has an 

120 16 absolute requirement for adenosine triphosphate, and phospho- 
adenosylphosphosulfate has been implicated as an intermediate. 
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The crystalline barium salt of glucose 6-phosphate with a 
slight solubility in water was prepared by Horecker and Wood 
(1, 2) from barium fructose 6-phosphate through an enzymatic 
conversion caused by phosphohexose isomerase. However, no 
procedure was reported for preparation of the crystalline salt 
directly from products of yeast fermentation. 

The basis for the work herein described is the method of 
DuBois and Potter (3) for the simultaneous preparation of 
hexose diphosphate, hexose monophosphate, and phospho- 
glyceric acid from products of glucose fermentation by yeast. 
The modification of this method resulted in a very good yield 
of crystalline barium glucose-6-P in addition to considerable 
amounts of barium fructose 1 ,6-diphosphate. 


EXPERIMENTAL AND RESULTS 


Materials and Methods 


Bottom yeast strain P was obtained from the brewery in 
Wroclaw. The sucrose used in this preparation was a com- 
mercial product. Phosphate was determined be the method of 
Fiske and SubbaRow (4). Fructose was estimated according to 
Roe (5). The chromatographic examination of the phosphate 
esters was made according to the method of Hanes and Isher- 
Crystalline barium glucose-6-P and barium fructose- 
6-P were obtained from the Sigma Chemical Company and 
served for comparison with the prepared ester. 


Method of Preparation 


1. Yeast Preparation—Fresh yeast was washed 5 to 6 times 
with water until the washings were clear and then filtered with 
suction on Buchner funnels. 

2. Incubation—A thousand ml. of 40 per cent sucrose and 1000 
ml. of a 0.67 m sodium phosphate solution (pH 7.0) were mixed 
in a bottle and heated to 37° on a water bath. Yeast, 800 gm., 
was incubated with 100 ml. of 10 per cent glucose for 15 minutes 
and then added to the sucrose and phosphate mixture. The 
mixture was incubated for 40 minutes at 37° and 90 ml. of toluene 
were added with vigorous shaking. The incubation was con- 
tinued until the disappearance of inorganic phosphates was al- 
most complete, as measured by the method of Fiske and Subba- 
Row in 1.0-ml. samples of a 1:10 dilution of the incubation 
mixture. If the phosphorylation was not achieved after 4 hours 
of incubation, 200 to 300 gm. of yeast and 30 ml. of toluene were 
added, and the incubation was prolonged until complete phos- 
phorylation was obtained. 

3. Fractionation of Phosphate Esters—After the disappearance 


of inorganic phosphates, trichloroacetic acid was added to a final 
concentration of 4 per cent; the material was left for 1 hour in a 
refrigerator and then filtered with suction. The filtrate was 
neutralized with 5 Nn NaOH until it was just alkaline to phenol- 
phthalein, and 240 gm. of barium acetate and 0.1 volume of 
ethyl alcohol were added. The precipitate was filtered on 
Buchner funnels, washed with alcohol and acetone, and dried 
(Precipitate I). This precipitate contains slightly soluble bar- 
ium salts of phosphate esters, mostly fructose 1,6-diphosphate 
and a considerable amount of hexose monophosphates. 

To the filtrate from Precipitate I 2 volumes of ethyl] alcohol 
were added and the resulting precipitate (Precipitate II) was 
filtered on a Buchner funnel, washed with alcohol and acetone, 
and dried in a desiccator. Afterwards it was dissolved in 1 Nn 
HCl, and the barium was precipitated with sodium sulfate. The 
barium sulfate was removed by filtration, and the volume of the 
solution was brought to 100 ml. per 20 gm. of phosphate esters 
by the addition of 1 n HCl. The hydrolysis was carried out for 
6 hours at 100° with refluxing. Immediately after the comple- 
tion of hydrolysis, the brown solution was neutralized to a faint 
pink color against phenolphthalein, initially with solid barium 
carbonate and then with saturated barium hydroxide solution; 
the precipitate was removed by filtration and discarded. The 
filtrate was heated to about 70°, and charcoal was added; the 
mixture was stirred and filtered while hot. A clear, colorless 
solution was obtained from which the phosphate esters were 
precipitated with 2 volumes of alcohol. They were filtered on a 
Buchner funnel, washed with alcohol and acetone, and dried in a 
vacuum desiccator over sulfuric acid. 

4. Crystallization of Barium Glucose-6-P—The dried precipitate 
was dissolved in 0.5 n hydrochloric acid, freed from insoluble 
contaminations by filtration, and neutralized, with stirring, to 
between pH 7.2 and 7.8 by the dropwise addition of 2 n NaOH. 
Frequently the crystals of barium glucose-6-P precipitated during 
the neutralization procedure. The solution was left in a re- 
frigerator at 4° for 24 hours until the crystallization was com- 
pleted. On the following day the crystals were collected on a 
Buchner funnel, washed three times with a small amount of ice- 
cold distilled water, and dried to a constant weight in air. The 
vield was about 14 to 15 gm. 

Additional amounts of glucose-6-P can be obtained from the 
crude Precipitate I. For this purpose the material was ground 
to a fine powder, mixed with 5 volumes of water, and then 
filtered on a Buchner funnel. To the clear filtrate 2 volumes of 
ethyl alcohol were added, and the precipitated esters collected 
on a Buchner funnel and dried. The next day the procedure 
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described above for Precipitate II yielded an additional 2 to 3 
gm. of crystals. 

The rest of Precipitate I was washed with alcohol and acetone 
and dried. It was found to contain 50 to 60 per cent fructose 
1,6-diphosphate. After purification by one of the known 
methods (3, 7) the purity of the obtained fructose 1, 6-diphos- 
phate was about 80 per cent. 


Analysis of Glucose-6-P 


The analysis showed that the purity of the compound with- 
out repeated crystallization was 98 per cent. 


C.H;,0,.PBa ‘7 H.O 


Calculated: Ba 26.2, P 5.94, H.O 24.1 
Found: Ba 25.6, P 5.8, HzO 23.9 


(For the determination of water, the hydrate was dried at 65° in 
a high vacuum over P2Os.) 

The crystalline salt was found to contain little or no inorganic 
phosphate. After 7 minutes of hydrolysis in 1 Nn HCl at 100° 
no increase in inorganic phosphate could be found. The hy- 
drolysis for 180 minutes in 1 N HCl at 100° resulted in liberation 
of 9 per cent of the total phosphorus content. Chromato- 
graphically the compound migrated as a single component as does 
the crystalline glucose-6-P obtained from Sigma Chemical Com- 
pany. The solvents used were propanol - ammonia - water 
(60:30:10). No traces of fructose-6-P could be detected. By 
treating the sodium salt of glucose-6-P with serum phosphohexose 
isomerase at 25° a 32 per cent conversion to fructose-6-P was 
obtained at equilibrium. 


DISCUSSION 


To obtain phosphoglyceric acid DuBois and Potter (3) added 
sodium fluoride to fermenting yeast and incubated for 12 to 20 
hours. In our procedure the fermentation was stopped im- 
mediately after the disappearance of inorganic phosphates by the 
addition of trichloroacetic acid. Hexose monophosphates were 
precipitated directly with alcohol, obviating thus a fractionation 
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of lead salts with their subsequent decomposition by hydrogen 
sulfide. Although this involves the use of a greater amount of 
alcohol, it represents a simplification of the whole procedure. 
The omission of lead salts and hydrogen sulfide might have been 
one of the reasons for the success in obtaining the crystalline 
barium glucose-6-P. Essential for the crystallization is also the 
treatment with charcoal after the hydrolysis step. 

DuBois and Potter have used glucose as starting material. 
Since with the present method the same yields were obtained 
with glucose and sucrose, the latter was used in view of its 
economy. In DuBois and Potter’s method the yield was 2 gm. 
of hexose monophosphate mixture from 90 gm. of glucose and 
the purity was 85 per cent. With the present method, from 400 
gm. of sucrose 16 to 18 gm. of the crystalline barium salt of 
glucose-6-P with a purity of 98 per cent were obtained. The 
yield is therefore considerably higher and the crystallization of 
barium glucose-6-P does not require seeding with crystals. The 
method of Robison et al. (8-10) for the preparation of glucose-6-P 
is not suitable for practical purposes, since it involves cumber- 
some fractionation of the brucine salts of hexose monophosphates. 
Unlike the methods given by Colowick and Sutherland (11) and 
Horecker and Wood (1) the present method does not require 
glucose-1-P or fructose-6-P as starting materials. 


SUMMARY 


1. A simple method is described for the preparation of crystal- 
line barium glucose 6-phosphate from sucrose fermentation by 
yeast. 

2. From 400 gm. of sucrose the yield was 16 to 18 gm. of 
crystalline barium glucose 6-phosphate which was 98 per cent 
pure. 

3. As an additional product of the preparation the barium 
salt of fructose 1 ,6-diphosphate was obtained. 
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Extracts of Clostridium butyricum catalyze a rapid exchange 
reaction between COz and the carboxyl group of pyruvate (1, 
2). This reaction has been reported to require diphosphothi- 
amin, coenzyme A, and phosphate (or arsenate) (2). These co- 
factor requirements are essentially the same as those required 
for the degradation of pyruvate to acetyl phosphate, CO2, and 
H; by this organism (3). 

The complexity of the CO.-pyruvate exchange reaction as in- 
dicated by the cofactor requirements and the extreme rapidity 
of this exchange as compared to other pyruvate decarboxylations 
(4, 5) have prompted the present investigation into the mecha- 
nism of CO: activation in this system. Evidence is presented 
that two protein fractions are required to activate COz, that the 
C, fragment resulting from pyruvate cleavage is at the aldehyde 
level of oxidation, and that acetyl-CoA is not an intermediate 
in the exchange reaction. Brief reports of some of these results 
have appeared (6, 7). 


EXPERIMENTAL 


Clostridium butyricum, strain 6014 of the American Type Cul- 
ture Collection, was grown as described previously (3). A lyo- 
philized cell-free extract was prepared by the method of Koepsell 
and Johnson (8), and stored in a nitrogen atmosphere at —20°. 

Reagents—Sodium bicarbonate-C" and acetic-1-C anhydride 
were obtained from the Nuclear-Chicago Corporation. Coen- 
zyme A was purchased from the Pabst Laboratories. Dihydro- 
lipoic acid was a gift from Dr. I. C. Gunsalus and was prepared 
by Dr. W. Shuster. Acetyl-CoA was synthesized by the method 
of Stadtman (9), and acetyl phosphate was prepared by the 
method of Stadtman and Lipmann (10). Acetyl-AMP was pre- 
pared by the methods of Berg (11). 

Assays—CO.-pyruvate exchange and radioactive disintegra- 
tions were measured as described previously (2). Units of en- 
zymatic activity were determined from the c.p.m. per umole of 
the recovered pyruvate, 1 unit of exchange activity being defined 
as that amount of enzyme which catalyzes 0.1 of the theoretical 
equilibrium between 100 wmoles of C“O, and 100 umoles of 
pyruvate in 10 minutes. Acetyl phosphate was determined by 
the method of Lipmann and Tuttle (12). Acetyl-CoA and acetyl 
dihydrolipoic acid were distinguished from acetyl phosphate by 
their stability to hydrolysis in 0.1 m HCl. Acetoin was deter- 
mined by the procedure of Westerfeld (13). Protein was deter- 
mined by the procedure of Lowry et al. (14). DPT was deter- 
mined by a manometric assay employing the decarboxylation of 
pyruvate by alkaline-dialyzed, crude yeast carboxylase. The 


* Supported by the National Science Foundation Grant 1818. 


DPT samples were prepared by hydrolyzing the C. butyricum 
extract according to the method of Westerbrink (15). 

Treatment of Extract—Extracts were dialyzed anaerobically in 
0.01 m phosphate buffer at pH 7.0 through which hydrogen had 
been bubbled previously for 5 minutes. Just before addition of 
the enzyme, 0.5 gm. of sodium hydrosulfite was added per liter 
of buffer. Dowex treatment of the extract was performed as 
described previously (2). 

A phosphate-free extract was prepared from cells which had 
been cultured in a medium in which CaCO; had been substituted 
for phosphate buffer. Six ml. of ethanol at 0° were slowly added 
to 200 mg. of crude extract which had been dissolved in 10 ml. of 
water. The pellet collected from centrifugation of the precipi- 
tated extract was suspended in 5 ml. of water, lyophilized, and 
stored at —20°. For certain experiments isopropanol was used 
instead of ethanol to precipitate the protein. 

Partially resolved fractions of the extract were prepared as 
follows: 2 gm. of crude extract were dissolved in 85 ml. of water 
at 0°; solutions in the following procedures were maintained at 
this temperature. Sodium hydrosulfite (100 mg.) was stirred 
into the solution and 10 ml. of a protamine sulfate solution (20 
mg. per ml.) were added dropwise with stirring. The precipi- 
tate was removed by centrifugation and 0.5 m phosphate buffer 
at pH 3.5 was added to the supernatant until the pH of the ex- 
tract reached 4.0. The volume was then adjusted to 100 ml. 
with water, and ethanol was added dropwise with stirring. Frac- 
tions precipitating from 0 to 10, 11 to 26, 27 to 46, and 47 to 76 
ml. of added ethanol were collected by centrifugation and labelled 
F1, F2, F3, and F4, respectively. Each fraction was suspended 
in 10 ml. of 0.05 m phosphate buffer at pH 6.5, and, if turbid, 
was centrifuged to clarify. The soluble portion of each fraction 
was lyophilized and stored at —20°. 


RESULTS 


Role of Acetyl Acceptors—In an anaerobic phosphate-free system 
containing C’. butyricum extract and substrate amounts of CoA, 
pyruvate was degraded to yield equal molar quantities of CO, 
Ho, and acetyl-CoA, demonstrating the conventional role of CoA 
in this reaction. These results showing the accumulation of 
acetyl-CoA are presented in Table I. Since the phosphate re- 
quirement for pyruvate cleavage could be replaced by substrate 
amounts of CoA, the effect of CoA on the CO-pyruvate ex- 
change reaction in a phosphate-free system was then determined. 
These results, presented in Fig. 1, indicate that the phosphate 
requirement for the exchange reaction (2) may also be replaced 
by CoA, maximal exchange occurring with the addition of ap- 
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TABLE I 
Accumulation of acetyl-CoA 
Each flask contained in addition to the indicated components: 
phosphate-free extract, 10 mg.; sodium pyruvate, 100 yumoles; 
succinate buffer, pH 6.5, 50 wmoles; and a nitrogen atmosphere. 
Reaction time was 30 minutes at 37°. 


CO.-Pyrwate Exchange 


Flask 
1 2 3 
CoA added (umoles)............... 6.00 6.00 0.00 
Phosphate added (umoles)......... 0.00 100.00 | 100.00 
Acetyl-CoA formed (umoles)....... 2.40 2.72 0.00 
Acetyl phosphate formed (umoles).}; 0.05 2.44 3.90 
@ 
- 
a 
2 
3 
~ 
= 
oO 
0 | | | | 


O 002 004 006 008 0.85 
mole/mi. CoA Added 


Fic. 1. Stimulation of CO2-pyruvate exchange by CoA in a 
phosphate-free system. Conditions were the same as for Table 
II except for the additions of CoA as indicated. 


proximately 0.02 umole of CoA per ml. of reaction mixture. 
Since the role of phosphate appeared to be an accepted one, 7.e. 
the regeneration of CoA via phosphotransacetylase, a number of 
acetyl acceptors were compared for activity in the CO2-pyruvate, 
phosphate-free exchange. As shown in Table II, CoA and di- 
hydrolipoic acid were the only active compounds among those 
tested. With the use of a Dowex-treated extract the acetyla- 
tion of dihydrolipoic acid from either pyruvate or acetyl phos- 
phate was stimulated by catalytic amounts of CoA (0.014 umoles 
per ml.). No evidence for a catalytic role of dihydrolipoic acid 
in the cleavage of pyruvate has been obtained. 

In the course of these experiments the addition of manganous 
ions stimulated the incorporation of CO: into pyruvate; with ex- 
tracts which had been dialyzed for 4 hours, a final concentration 
of 6 wg. per ml. resulted in a 58 per cent stimulation of the ex- 
change reaction. 

If acetyl-CoA were the active C2. compound in the CO:-pyru- 
vate exchange it would be expected to exchange with pyruvate 
as rapidly as CO». Acetyl-1-C'-CoA was synthesized and the 
preparation was found to be biologically active, undergoing an 
enzymatic arsenolysis in the presence of cell extract. Small 


amounts of the acetyl-1-C' group were incorporated into pyru- 
vate (Table IIT), indicating a slight reversibility of the reactions 
forming acetyl-CoA from pyruvate. 


However, less than 7 per 


cent of the theoretical equilibrium was reached in 60 minutes, 
whereas under identical conditions the CO2-pyruvate exchange 
reached complete equilibrium in less than 5 minutes. Another 
active acetyl compound, acetyl-1-C'*-AMP, was also synthesized 
and tested for incorporation of the acetyl moiety into pyruvate, 
but no incorporation could be detected. 

From these experiments it appeared that CoA was the acetyl 
acceptor in pyruvate cleavage by C. butyricum extracts but that 
the small amounts of CoA required for COz activation could not 
be explained on this basis. 

Acetoin Formation—Since the active C2 fragment in the CO.- 
pyruvate exchange reaction was apparently not at the acetyl 
level of oxidation, the pyruvate cleavage reaction was tested 
for an active aldehyde which would react with free acetal- 
dehyde to form acetoin as demonstrated in other pyruvate de- 
carboxylations (16, 17). As shown in Table IV, acetoin was 
formed by the untreated Clostridium extract in the presence of 
pyruvate, acetaldehyde, and phosphate at about yy the rate at 


which acetyl phosphate was formed. Although Fraction A in | 


Table IV (a fraction precipitating between 42 and 55 volumes 
per cent isopropanol) appears to represent a 19-fold purification 
of the acetoin forming reaction, this increased activity is in part 
the result of damage to the electron transport mechanism, the 
functioning of which is necessary for formation of the acetyl 


TABLE II 


Effect of acetyl acceptors on C'Os-pyruvate exchange 
in phosphate-free system 
Each flask contained: phosphate-free extract, 5 mg.; succinate 
buffer, pH 6.5, 100 uwmoles; (side arm, 1) sodium pyruvate, 100 
pmoles; NaHCO; (side arm, 2), 100 umoles (189 c.p.m. per umole); 
and an Nz atmosphere. Total volume 3.2 ml. Reaction time 30 
minutes at 37°. 


Compound added Concentration 
pmoles/flask 
Pheaphate................ 5.0 29.6 
Dihydrolipoic............. 5.0 13.0 
Sulfanilamide............ 1.0 0.3 
Hydroxylamine........... 1.0 0.5 
Lipoic acid............... 1.0 0.9 
Glutathione.............. 10.0 0.7 
III 


Incorporation of acetyl-1-C'*-CoA into pyruvate 


Each flask contained in a total volume of 3.2 ml. acetyl-1-C'*- 


CoA, 4 umoles; extract or fraction, 10 mg.; pyruvate, 100 umoles; 
succinate buffer, pH 6.5, 100 umoles; and a nitrogen atmosphere. 
Reaction time 60 minutes at 37°. 


Extract 
hate-f 
Crude 
Acetyl-1-C*4-CoA, c.p.m./umole....... 4100.0 4100.0 
Recovered pyruvate, c.p.m./umole.. .. 10.7 10.2 
Per cent acetyl-1-C"™ incorporated..... 6.8 6.8 
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TABLE IV 
Acetoin formation from pyruvate and acetaldehyde 
Each reaction mixture contained extract as indicated, 10 mg.; 
phosphate buffer, pH 6.5, 100 umoles; pyruvate, 100 wmoles; 1:5 
dilution of acetaldehyde in side arm (not tipped), 200 uwmoles; 
DPT as indicated, 50 ».g.; CoA as indicated, 0.025 umole; and 
MnSO,, 50 ug. in a final volume of 3.2 ml. Flasks were incubated 1 
hour at 37° in a hydrogen atmosphere. 


R. P. Mortlock, R. C. Valentine, and R. S. Wolfe 


Additions Products 
Flask 
aide DPT | CoA Mn | Acetoin ‘how 
pmoles | pmoles 
1 | Crude + _ + + | + 0.0 | 20.5 
4 | Fraction A — |_+{)+}+tict+ 0.4 0.0 
5 | Fraction A +i+i{+ict+ {+ i 19.0 4.6 
6 | Extract B + | + + 1.2 
(Dowex- 
treated) 
7 | Extract B + + + + + 2.7 
(Dowex- 
treated) 
8 | Extract C + | + 0.1 0.6 
(Dowex- 
treated) 
9 | Extract C +itr+iwrti-|+F 0.3 0.6 
(Dowex- 
treated) 
10 | Extract C +i + 1.0 1.9 
(Dowex- 
treated) 


moiety. In similar experiments with this fraction the formation 
of acetyl] phosphate proceeded at the normal rate upon the addi- 
tion of methyl viologen (final concentration: 12 yg. per ml.) 
as an electron acceptor, but acetoin formation was inhibited 
completely. With a Dowex-treated extract acetoin formation 
was stimulated by CoA (Table IV), but similar studies revealed 
only a slight stimulation upon the addition of DPT! alone. The 
effect of CoA on acetoin formation is not understood but is com- 
patible with the small amount of CoA required for CO2-pyruvate 
exchange. Inhibition of the exchange (2) and inhibition of acet- 
oin formation by electron acceptors may involve a common 
mechanism which displaces the equilibrium by allowing rapid 
oxidation of the C, intermediate. 

Resolution of Exchange Activity—The lability of this complex 
system of pyruvate cleavage has prevented extensive purification 
of the enzymes. However, a partial resolution of the exchange 
reaction may be obtained with ethanol precipitation at pH 4.0. 
When Fraction F-1 (0 to 9 volumes per cent ethanol) was com- 
bined with Fraction F-4 (32 to 43 volumes per cent ethanol) a 
7.5-fold stimulation of the exchange reaction occurred (Table V). 
The stimulating ability of these fractions was heat labile, being 
completely destroyed by boiling for 1 minute. As also shown in 
Table V, Fractions F-1 and F-4 were both required for acetoin 


1 The abbreviation used is: DPT, diphosphothiamin. 
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TABLE V 
Effect of combining fractions F1 and F4 
Units of COz-py- 
T f duct f 
Fl <3.0 No reduction in 60 0.26 
min. 
F4 <3.0 No reduction in 60 0.32 
min. 
Fl + F4 105.6 Complete reduction 4.35 
in 15 min. 


* Conditions as in Table IV. 

1 For assay of dye reduction each tube contained the following 
constituents in a final volume of 2 ml.: pyruvate, 100 umoles; phos- 
phate buffer, pH 6.5, 100 wmoles; DPT, 50 ug.; CoA, 100 ug.; 
neotetrazolium chloride, 100 ug.; MnSQO,, 50 ug.; fractions as indi- 
cated, 2 mg. of each fraction; and was incubated in an N2 atmos- 
phere at 37°. 

t Conditions as in Table II. 


formation from acetaldehyde and pyruvate. The reduction of a 
dye, which is a sensitive measure of the oxidation of pyruvate, 
also required the presence of both fractions. Attempts at fur- 
ther purification of the fractions resulted in almost complete loss 
of activity. 

When Fractions F-1 and F-4 were assayed together for CO:- 
pyruvate exchange, the omission of DPT from the reaction mix- 
ture resulted in only a 10 per cent loss in activity. To deter- 
mine which fraction might be involved in handling the ‘active 
aldehyde” fragment, the DPT content of each fraction was as- 
sayed. Fraction F-1 contained 0.2 ug. of DPT per mg. of pro- 
tein, whereas Fraction F-4 contained 8 times this level of DPT 
(1.6 ug. per mg. of protein). 


DISCUSSION 


CoA replacement of the phosphate requirement for the cleav- 
age of pyruvate in extracts of C. butyricum indicates that the 
term, phosphoroclastic, as previously applied to this reaction, 
should be discarded. However, the role of CoA appears to be 
more than that of an acetyl acceptor: the inhibition of the CO.- 
pyruvate exchange (Fig. 1) by excess CoA suggests that catalytic 
amounts of this cofactor are required for the activation of COs, 
but that in the presence of substrate amounts the oxidative reac- 
tion is encouraged. As a result, the decrease in concentration 
of the unoxidized C2 fragment and the binding of available CoA 
as acetyl-CoA become the limiting factors in the exchange reac- 
tion. The data concerning acetoin formation indicate that the 
C, fragment arising in this pyruvate cleavage is at the aldehyde 
level of oxidation. The availability of this component to react 
with free acetaldehyde is markedly increased if the electron trans- 
port mechanism does not function. Both the exchange reaction 
and acetoin formation are inhibited by electron acceptors which 
increase the rate of oxidation of the aldehyde moiety. Reactions 
leading to formation of the aldehyde fragment must be extremely 
rapid and readily reversible as compared to the reactions oxidiz- 
ing the aldehyde fragment to the acetyl level. If DPT were 
functioning by a mechanism similar to that postulated in other 
systems (an aldehyde-DPT-enzyme complex), a possible role of 
CoA might lie in CO; activation, for at least two enzymes, DPT, 
CoA, and manganous ions are required for activation of CO, in 
the exchange reaction. The higher level of DPT associated with 
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Fraction F-4 may be a clue as to the function of this fraction. 
The extreme lability of the components of the system has made 
further attempts at characterization unsuccessful. No evidence 
for a requirement of any nucleotide phosphate compounds or for 
a CO,-activating enzyme as described by Coon (18) has been ob- 
tained for CO: activation in this system. 


SUMMARY 


The phosphate requirement for pyruvate cleavage or CO-.- 
pyruvate exchange by extracts of Clostridiwm butyricum may be 


CO.-Pyrwate Exchange 
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replaced by coenzyme A. The poor rate of exchange of acety]- 
coenzyme A with pyruvate indicates that this compound is not 


the active intermediate in the exchange reaction. The experi- — 
ments on acetoin formation suggest that the active 2-carbon | 
compound is at the aldehyde level of oxidation. Acetoin forma- | 
tion was inhibited by electron-accepting dyes and was stimulated — 
by diphosphothiamin and coenzyme A. CO, activation, acetoin © 
formation from pyruvate and acetaldehyde, as well as dye reduc- | 
tion, required two partially resolved protein fractions for maxi-— 


mal activity. 
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Reversal of Pyruvate Oxidation in Clostridium butyricum* 


R. P. Mortrtock anp R. S. 


From the Department of Bacteriology, University of Illinois, Urbana, Illinois 


(Received for publication, March 16, 1959) 


The failure to detect an equilibrium between acetyl phosphate, 
a product of pyruvate cleavage, and pyruvate has been one of 
the poorly understood observations of the pyruvate cleavage 
reactions in Clostridium butyricum and in Escherichia coli (1-3), 
although pyruvate synthesis from acetyl phosphate was reported 
in the latter organism (4). 

In the preceding paper (5) a small incorporation of acetyl-1- 
C4-CoA into pyruvate was observed with extracts of C. butyri- 
cum. Since these extracts rapidly equilibrate CO. with the 
carboxyl group of pyruvate (3), the poor reversibility of the 
clastic system appears to lie in the nature of the oxidative por- 
tion of the reaction. Peck and Gest (6) have found that the 
electron transport system in these extracts may be activated by 
sodium hydrosulfite. The following report deals with pyruvate 
formation from acetyl phosphate and COz in extracts of C. butyri- 
cum and the stimulation of this reaction by sodium hydrosulfite. 


EXPERIMENTAL 


Cells of C. butyricum were cultured and a cell-free extract was 
prepared as described previously (7). The assay for pyruvate 
formation from acetyl phosphate and COz2 was carried out in 
double side arm Warburg flasks: phosphate buffer and acetyl 
phosphate were placed in the main compartment; NaHCO; and 
sodium hydrosulfite were placed in separate side arms and tipped 
simultaneously to start the reaction. Each flask was gassed 
with hydrogen for 5 minutes before the addition of hydrosulfite, 
and the following precautions were taken in preparation of the 
hydrosulfite solution. Hydrogen was bubbled through 5 ml. of 
a solution of 0.1 m phosphate buffer at pH 7.0 for 3 to 5 minutes. 
Sodium hydrosulfite was then added to a final concentration of 
8 mg. per ml. of buffer, and 0.5 ml. of this solution was imme- 
diately added to the side arm of the flask as a positive hydrogen 
pressure was maintained in the flask. Gassing was continued 
for another 3 minutes to insure anaerobic conditions. The reac- 
tion was stopped as desired by acidifying the contents of each 
flask with 0.5 ml. of 5m sulfuric acid. After the addition of 0.5 
ml. of a 10 per cent solution of trichloroacetic acid, 100 umoles 
of sodium pyruvate were added as carrier, and the mixture was 
centrifuged to remove the protein. Pyruvate was recovered as 
the 2,4-dinitrophenylhydrazone derivative, washed, and assayed 
for radioactivity as described previously (3). Acetyl phosphate 
was prepared by the method of Stadtman and Lipmann (8) and 
by the method of Avisin (9). Sodium bicarbonate-C™ and ace- 
tic-1-C'-anhydride were obtained from the Nuclear-Chicago 
Corporation. The dinitrophenylhydrazone of pyruvate was 
identified by the paper chromatographic method of Altmann et 


* Supported by the National Science Foundation Grant 1818 
and by the Research Board of the Graduate College. 
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al. (10), with the use of a tertiary amyl] alcohol-aqueous ethanol 
solvent system, and by the method of El Harwary and Thomp- 
son (11). 


RESULTS 


The results of a typical experiment with acetyl phosphate, 
NaHC*O;, and hydrosulfite are shown in Table I. The omission 
of any one of these components of the system resulted in a de- 
creased specific activity of the recovered pyruvate, and no counts 
above background could be detected in the carrier pyruvate 
added to the contents of a control flask containing boiled extract 
in an otherwise complete reaction mixture. 

The concentration of sodium hydrosulfite used in the reversal 
experiment was found to inhibit completely the degradation of 
pyruvate in the clastic system, presumably by saturating the 
hydrogen-forming system with electrons. Thus when 20 mg. of 
crude extract were incubated in a total volume of 30 ml. with 
100 umoles of sodium pyruvate and 200 uwmoles of phosphate 
buffer at pH 7.0 under a hydrogen atmosphere, the addition of 
4 mg. of sodium hydrosulfite completely inhibited acetyl phos- 
phate formation for 30 minutes. After this time pyruvate was 
slowly degraded with the formation of acetyl phosphate. The 
addition of hydrosulfite may increase the amount of pyruvate 
isolated by inhibiting the degradation of pyruvate as well.as by 
serving as an electron source for the reversal of pyruvate oxida- 
tion. The optimal final concentration of hydrosulfite was found 
to be 4 mg. per flask (7.7 umoles per ml.) and the optimal final 
concentration of acetyl phosphate per ml. proved to be 10 umoles. 
Since the hydrosulfite in each flask was being slowly oxidized 
during the reaction with the formation of hydrogen, the amount 
remaining after 30 minutes was apparently no longer sufficient 
to cause a complete inhibition of the clastic system. As shown 
in Fig. 1 the optimal time of incubation for the reversal assay 
was found to be 30 minutes. 

To test for the formation of pyruvate from acetyl-1-C' phos- 
phate, dilithium acetyl-1-C™“ phosphate was synthesized from 
acetic-1-C™ anhydride. The purified compound had a specific 
activity of 960 c.p.m. per umole. The results presented in Table 
II were obtained with double quantities of all constituents in 
each of two flasks, (total volume, 12 ml.), but only 100 umoles 
of carrier pyruvate were added. In the absence of hydrosulfite 
or with the use of boiled enzyme the recovered pyruvate pos- 
sessed only a trace of radioactivity. 

Replacement of the phosphate buffer with an equal concen- 
tration of tris(hydroxymethyl)aminomethane buffer at the same 
pH did not have a measurable effect on the reversal reaction. 
Electron-accepting dyes inhibited the reaction: benzyl viologen 
in a final concentration of 0.67 mg. per ml. decreased the specific 


945). 
ALL, 
PLAN 

ress, 

, 34, 

5). 

231, 


1658 


activity of the recovered pyruvate 30 per cent. The addition 
of 3.3 wmoles of arsenate per ml. of reaction mixture inhibited 
the reversal from acetyl phosphate and CO, 75 per cent, since 
acetyl phosphate undergoes arsenolysis. The endogenous pyru- 
vate formation in the absence of added acetyl phosphate, as 
shown in Table I and Fig. 1, was also inhibited 75 per cent by 
this concentration of arsenate, indicating that the small amount 
of acetyl phosphate present in the crude extract accounts for 
this endogenous synthesis. A 76 per cent inhibition of pyruvate 


TABLE 
Pyruvate formation from acetyl phosphate and CO» 


The complete system contained in a final volume of 3.2 ml.: 
crude extract, 20 mg.; dilithium acetyl phosphate, 30 uwmoles; 
sodium hydrosulfite, 4 mg.; NaHC"Os, 50 umoles (specific activity: 
2.5 X 10‘ ¢.p.m. per wmole); and potassium phosphate buffer at 
pH 7.0, 150 umoles. Reaction time was 30 minutes at 37° in a 
hydrogen atmosphere. After the reaction was stopped with acid, 
100 uwmoles of carrier pyruvate were added. 


Specific activity of 
recovered pyruvate 


c.p.m./pmole 


—Acetyl phosphate.................... 3.1 
— Hydrosulfite, —acetyl phosphate..... 1.9 

0.0 


With Acetyl phosphate 
20}- 
= 
> 
a 
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2 
E 
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Reaction Time in Minutes 
Fic. 1. Effect of incubation time on pyruvate formation from 
acetyl phosphate, COs, and hydrosulfite. The reaction mixture 
and conditions were the same as described for Table I. 


Reversal of Pyruvate Oxidation 


TaBLeE II 
Formation of pyruvate from acetyl-1-C'* phosphate and CO:z 
Constituents and conditions of the reaction mixture were the 
same as for Table I except that the NaHCO; was not radioactive, 
the amounts of all constiutents were doubled, and duplicate reac- 
tion mixtures were used. Specific activity of the acetyl-1-C" 
phosphate was 960 c.p.m. per umole. 


Specific activity of 
recovered pyruvate 


c.p.m./pmole 
2.28 
Boiled enzyme...... 0.31 


cleavage with 0.001 m iodoacetate has been reported (3). This 
concentration of iodoacetate also was found to inhibit pyruvate 
formation from acetyl phosphate and CO, 70 per cent. When 
the extract protein was precipitated at 0° and pH 8.5 by the 
addition of 55 volumes per cent ethanol, the reversal system was 
still active and was stimulated 28 per cent by the addition of di- 
phosphothiamin and CoA in 50 wg. amounts per ml. of reaction 
mixture. The use of other standard methods for removing co- 
factors resulted in complete loss of activity. 

The radioactive dinitrophenylhydrazone recovered from the 
reaction mixture possessed the chromatographic properties of 
the dinitrophenylhydrazone of pyruvate when examined by the 
method of Altmann et al. (10) and El Harwary and Thompson 


(11). 
DISCUSSION 


The incorporation of acetyl phosphate into pyruvate may be 
detected with the use of extracts of C. butyricum provided suffi- 
cient reducing potential is provided. Previous attempts to 
study this reversal employed neither labeled acetyl phosphate of 
sufficiently high specific activity nor the required reducing po- 
tential. Although not enough pyruvate was synthesized in the 
present study to allow a chemical degradation, the radioactive 
dinitrophenylhydrazone isolated possessed the properties of the 
dinitrophenylhydrazone of pyruvate when examined with paper 
chromatographic techniques. 


SUMMARY 


The pyruvate clastic system of Clostridium butyricum was re- 
versed with acetyl phosphate, carbon dioxide, and hydrosulfite. 
The radioactive dinitrophenylhydrazone of pyruvate was de- 
tected with either acetyl-1-C™ phosphate or NaHCO; as a com- 
ponent of the test system. 
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Labile Fatty Acids of Rat Diaphragm Muscle and Their 
Possible Role as the Major Endogenous Substrate 
for Maintenance of Respiration’ 


M. Neptune, Jr., H. C. SupputH, anp D. R. ForEMAN 


From the Naval Medical Research Institute, National Naval Medical Center, Bethesda 14, Maryland 


(Received for publication, January 14, 1959) 


It is well known that excised rat diaphragm will consume 
oxygen at a steady rate for a number of hours when incubated in 
buffered salt solution in vitro... Therefore, this striated muscle 
must have endogenous substrates adequate to sustain this respira- 
tion. The respiratory quotient of muscle incubated without 
substrate is 0.72 to 0.76? (1), which strongly suggests that a lipid 
substrate is being consumed. These considerations led us to 
undertake a study of the total fatty acids in rat diaphragm before 
and after incubation. 
of this report. 


EXPERIMENTAL 


Male rats, 100 to 150 gm., were obtained from the hooded, 
highly inbred colony maintained at this Institute. The rats 
were decapitated and the diaphragm excised, divided into two 
parts, trimmed, and weighed. The hemidiaphragms weighed 
approximately 100 mg., but all fatty acid values are expressed 
as units per gm. of tissue since this is the most common conven- 
tion. The tissues were rinsed and placed in 25-ml. Erlenmeyer 
flasks. The tissues from two animals were pooled, each of two 
flasks receiving one hemidiaphragm from each of two animals. 
This permitted pair comparison of the data. 

The incubation medium was Ringer phosphate, calcium free, 
pH 7.4, as described by Umbreit et al. (2). The medium was at 
room temperature when the tissues were placed in the flasks. 
The incubated flasks were shaken in a water bath at 37° for 4 
hours. The gas phase was air. 

Total fatty acids were determined essentially as described by 
Entenman (3). Unesterified fatty acids were estimated by pool- 
ing tissues from cight rats. The tissue, before or after incuba- 
tion, was ground in a small blender to a smooth paste, acidified, 
and extracted two times with n-hexane and the titration per- 
formed as with total fatty acids. 


RESULTS 


As shown in Table I, there is a significant fall in total fatty 
acids when muscle from fed animals is incubated for 4 hours; 


* The views and opinions contained herein are those of the 
authors and are not to be construed as reflecting the opinions of 
the Navy Department or naval service at large. 

1 In this laboratory the Qo. wet of diaphragm muscle from fed 
100-gm. rats is 2.0 ul. and is constant for 5 to 6 hours (unpublished 
observations). 

? Unpublished observations in this laboratory are in agreement 


_ with the values published by Tuerkischer and Wertheimer (1). 


The results from this study form the basis — 


this change in total fatty acids after incubation, however, de- 
creases with fasting. The level of total fatty acids before incuba- 
tion is strikingly reduced in the 48- and 72-hour fasted animal; 
the initial total fatty acids values in the starved animals are only 
some 50 per cent of those in tissue from fed animals as sum- 
marized in Table I. The values for total fatty acids in the 
tissues from fed animals before incubation are in good agreement 
with those reported by Bloor (5) for beef diaphragm. 

Unesterified fatty acid levels are also in the range found by 
Bloor, our values being 0.2 to 0.8 mg. per gm. Only a few 
determinations were performed, since although these demon- 
strated lability, the levels are too low to account per se for a 
major metabolic role, although they might be important meta- 
bolic intermediates if there were rapid turnover which could not 
be measured by the techniques employed in the present experi- 
ments. 

The effect of glucose on the level of total fatty acids after in- 
cubation of tissues from fed rats is demonstrated in Table II. 
The addition of glucose (150 mg. per 100 ml.) causes no sparing 
of total fatty acids. There is a suggestion of a slightly greater 
fall in total fatty acids in the presence of added glucose, but this 
is not statistically significant. 

The incubation medium was analyzed at the end of a number 
of these experiments and on no occasion could any measurable 
amount of total fatty acids be detected. This excludes the 
possibility that leakage from the tissues contributes to the fall 
in total fatty acids during incubation. 


DISCUSSION 


Lilienthal and Zierler (6) have summarized the status of knowl- 
edge concerning the endogenous metabolism of muscle up to 
1955. The most tenable assumption at that time was that 
muscle might well have an active oxidative metabolism of lipid 
but the lipid substrate was probably transported to the muscle for 
immediate oxidation; there was no evidence for storage of oxi- 
dizable lipid. This concept has been tested by a number of 
investigators as noted in the review referred to above. The most 
direct study was reported by Buchwald and Cori (7) in which 
they compared the fatty acid content of the stimulated gas- 
trocnemius with the opposite resting gastrocnemius of the rat; 
they could find no difference in the fatty acid content of the 
control and stimulated muscle. In the present study there is a 
definite fall in fatty acids during incubation of resting diaphragm 
muscle. Since diaphragm muscle, however, is usually contract- 
ing regularly in the living animal and therefore more active than 
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TABLE I[ 


Total titratable fatty acids in diaphragm muscle 
before and after 4-hour incubation 


Pooled tissues from two rats were placed in 25-ml. Erlenmeyer 
flasks containing 3 ml. of Ringer phosphate, pH 7.4. The gas 
phase was air. Differences were determined by pair comparison 
before and after incubation and statistical significance by Stu- 
dent’s ¢t as described by Fisher (3). 


Labile Fatty Acids of Rat Diaphragm Muscle 


Fatty acids (wet weight) 
Standard 
No. of ex- 
Animal condition : error of 
t M 
Before | After difference 
difference 
mg./gm. 
Fed. 12 22.31; 18.29| —4.02 | 0.62 <0.001 
Fasted 48 hones 12 12.75) 11.25) —1.51 0.42 <0.01 
Fasted 72 hours 4 11.64) 10.05| —1.60 | 0.96 | >0.1 
TABLE II 


Fatty acid levels in tissues from fed rats incubated 
4 hours with and without glucose 
Pooled tissues from two rats were placed in 25-ml. Erlenmeyer 
flasks containing 3 ml. of Ringer phosphate, pH 7.4; one flask of 
each pair contained 150 mg. per 100 ml. of glucose. The gas phase 


was air. Statistical significance was determined as in Table I. 

Fatty acids (wet weight) 

No. of Experiments Difference 

No glucose | With glucose 
meg./gm. mg./gm. 
15 17.39 16.28 —1.11 
Standard error +0. 57 
p value <0.1, >0.05 


a peripheral muscle such as gastrocnemius, an extrapolation of 
the present findings to other muscle is not justified without the 
support of specific experimental data. 

The decrease in total fatty acids during a 4-hour incubation 
raised the question of whether there was any quantitative rela- 
tionship between the change in total fatty acids and the oxygen 
consumption of this tissue. Employing the data from fed ani- 
mals, the fall in total fatty acids of 4.02 mg. per gm. in 4 hours 
would be equivalent to 15.7 uwmoles of palmitic acid (other fatty 
acids with different molecular weights could be interposed with 
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no major change in end values). For complete oxidation 15.7 
umoles of palmitic acid would require 361 uwmoles of oxygen. 
Diaphragm muscle from fed rats in this laboratory has a pre- 
dictable linear rate of respiration with a Qo, wet of 2 ul. This 
is equivalent to 357 uwmoles Oz per gm. wet weight per 4 hours. 

Thus the fall in total fatty acids could account for 100 per 
cent of the oxygen consumption of diaphragm from fed rats. 
The lower value for change in total fatty acids in tissue from 
starved animals is consistent with the depressed and failing 
respiration of this tissue (unpublished observations). The post 
incubation level of 10 to 11 mg. per gm. for total fatty acids in 
the 48-hour and 72-hour (nearly moribund) fasted animals would 
suggest that this remaining total fatty acid is not metabolically 
available and may perhaps represent some structural component. 

The low level of unesterified fatty acid indicates that this is 
not a major metabolic source of supply per se but may represent 
an intermediate stage in the oxidation of total fatty acid. 
conceivable that some pathway such as esterified fatty acid — 
unesterified fatty acid — oxidation might exist and with a rapid 
turnover in the unesterified fatty acid stage, the unesterified fatty 
acid level could be low at any point in time and still be compatible 
with vigorous fat oxidation proceeding through an unesterified 
fatty acid stage. 

The slightly greater fall in the presence of added glucose is 
not inconsistent with the findings of other investigators. Allen 
et al. (8) found that added glucose increased the specific activity 
of CO, from palmitate in kidney and liver preparations. 
Masoro and Felts (9) have found a definite requirement for added 
glucose in order to obtain maximal fatty acid oxidation in the 
liver from animals fasted in a cold environment. Fritz et al. 
(10) found that the oxidation of added fatty acids by working 
rat striated muscle was not decreased by added glucose. Cer- 
tainly, the failure of added glucose to decrease the fall in total 
fatty acid is not compatible with any substrate competition be- 
tween added glucose and total fatty acid. 


It is 


SUMMARY 


The data contained in this communication are consistent with 
the concept that endogenous labile fatty acids may well be the 
major source of substrate for the support of resting respiration 
of rat diaphragm in vitro. These findings do not exclude some 
active role for carbohydrate metabolism in this tissue; indeed, 
in the presence of added glucose there is a suggestion of a slightly 
greater fall in total fatty acid, but the experimental design did 
not permit precise definition of the significance of this effect. 
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Many studies on the metabolism of formic acid by a variety 
of animal tissues have shown that an appreciable portion of this 
substrate is oxidized to carbon dioxide (6-13). Since the initial 
observation of Battelli (6) and Battelli and Stern (7) on the 
oxidation in vitro of formate, various uncorrelated attempts have 
been made to identify the responsible enzymes to explain the 
mechanism of this reaction. 

Battelli and Stern (7) first established that the oxidation of 
formate by animal tissues in presence of H,O2 was an enzyme- 
catalyzed reaction. Plaut et al. (14) were the first to demonstrate 
that injected formate-C™ was oxidized to CO, and that a major 
portion of the formate was incorporated into serine. These 
results led Plaut e¢ al. to postulate that formate oxidation 
occurred by incorporation into serine, followed by oxidation of 
serine to pyruvate, and finally the degradation of pyruvate to 
CO,. Later Plaut and Lardy (15) and Kruhoffer (16) demon- 
strated the direct oxidation of formate to CO, without the inter- 
mediate formation of serine. Mathews and Vennesland (17) 
demonstrated that in pea extracts a DPN-formic dehydrogenase 
was responsible for the oxidation, and AMP did not influence 
this oxidation. However, supernatants from rat liver and 
kidney oxidized formic acid in presence of either AMP, ATP, or 
ATP and DPN, respectively, thus differing from the pea extracts. 

Nakada and Weinhouse (18) presented evidence that in animal 
tissues the peroxidative activity of catalase, in the form of a 
catalase peroxide complex, is responsible for the oxidation of 
formic acid. In 1955, Weinhouse (19) described a model system 
with the use of xanthine oxidase and catalase to indicate that 
hypoxanthine oxidation by xanthine oxidase furnishes hydrogen 
peroxide which, in combination with catalase, oxidized formate. 
He summarized the findings from his laboratory as follows: 
“We believe this may be a coupled oxidation phenomenon.” 

During the studies on the metabolism of formate by animal 
tissues (20), it was desirable to find the exact mechanism of 
formate oxidation, hence the present investigations were under- 
taken. These studies establish that in the rat liver extracts 
catalase forms a complex with hydrogen peroxide derived from 
other enzymic systems, and it is this complex which is responsible 
for the oxidation of formic acid to carbon dioxide. 


* A preliminary report of these findings has been presented (1). 
Since then, several papers have been published (2-5) confirming 
essentially our results. 
ee by a research grant from the American Cancer 

lety. 
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EXPERIMENTAL 


Three- to 5-months old Sprague-Dawley rats were used in these 
experiments. They were fasted 24 hours before they were killed 
by cervical fracture. Liver and small intestine were removed 
and placed in cold isotonic sodium chloride adjusted to pH 7.4. 
The tissues were homogenized in two parts of 0.1 m phosphate 
buffer, pH 7.4, by means of a jacketed Waring Blendor main- 
tained at 5° with ice. The resulting homogenates were centri- 
fuged at 20,000 x g for 30 minutes and the clear supernatants 
were separated and dialyzed against 0.1 mM phosphate buffer, pH 
7.4, for 15 hours at 5-7°. 

Dialyzed extracts were incubated in 0.1 m phosphate buffer, 
pH 7.4, with 15 umoles of formate-C™ and in presence of various 
additives as described under each table of experimental results 
(Tables I to VI). With the exceptions of the experiments in 
Thunberg tubes, all incubations were carried out in an atmos- 
phere of oxygen. Arrangements to collect labeled CO. were 
those described in a previous paper (20). 


RESULTS AND DISCUSSION 


Effect of Purine Derivatives—Previous reports showed that 
addition of either DPN (16), ATP, or AMP (17) to rat liver 
extracts enhanced oxidation of C'*-formate. In order to ascer- 
tain the nature of this enhancement, a comparative study was 
made by incubating DPN, ATP, and other purine derivatives 
with rat liver extracts. Tables I and II show the results of these 
experiments. Equimolar quantities of DPN, ATP, or hypo- 
xanthine enhanced the oxidation of formic acid in rat liver 
extracts to the same degree. Data in Table I show that there 
was an additive effect when both ATP and DPN are present, 
dependent only on the concentration of the adenine derivative. 
Table I shows that both hydrolyzed and intact DPN enhance 
formate oxidation to approximately the same degree. 

Effect of Specific Inhibitors of Xanthine Oxidase—Commercial 
folic acid contains 1.6 per cent of diazotizable amine, AHPA! 
(22). Since AHPA is known as a specific inhibitor of xanthine 
oxidase (23), 1.6 xX 10-5 m AHPA, contained in 0.001 m PGA, 
was added to rat liver extracts to test the effect of AHPA on 
formate oxidation in presence of ATP, hypoxanthine or DPN, 
respectively. The results are shown in Table II. In the pres- 
ence of ATP, hypoxanthine, or DPN, the over-all oxidation of 
formate was inhibited by the addition of folic acid containing 
AHPA. 

In order to test the effect of higher concentrations of pure 


1The abbreviations used are: AHPA, 2-amino-4-hydroxy-6- 
pteridyl aldehyde; PGA, pteroylglutamie acid. 
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TABLE I 
Effect of purine derivatives on HC4OOH 
oxidation by rat liver extracts 
3 ml. of rat liver extract in 0.1 M phosphate buffer, pH 7.4, 
incubated for 2.5 hours at 37° in oxygen. C14-formate 0.005 M, 
730 X 10% ¢.p.m. per flask. All additives were 0.002 m. 


Additions CO-activity 

c.p.m. K 
ATP, 0.002 m + nicotinamide, 0.002 M.............. 143 


* DPN hydrolyzed with warm 0.2 N NaOH (21). 


AHPA,? the manometric technique (25) was used. Fig. 1 shows 
the uptake of oxygen during formate oxidation by rat jejunum 
extracts in the presence of DPN with and without the addition 
of pure AHPA (3 X 10-* Mm). Data from Fig. 1 establish that 
3 xX 10-3 m AHPA completely inhibited oxygen uptake by rat 
jejunum extracts in the presence of 0.002 m DPN and 0.005 m 
formate; lower concentrations of AHPA (6 X 10-4 M, Table IT) 
inhibited formate oxidation only 45 per cent in presence of DPN. 
This indicated that the enhancing effect of DPN on formate 
oxidation was indirect and mediated by the presence of xanthine 
oxidase in the tissue extracts. 

If the formation of hydrogen peroxide from the oxidation of 
DPN were dependent on the reaction of oxygen with reduced 
xanthine oxidase, any oxidizing agent which could compete with 
oxygen for reduced xanthine oxidase would decrease the oxida- 
tion for formic acid to CO, to an equivalent extent. It is known 
that reduced xanthine oxidase will transfer the electrons to cyto- 
chrome c or nitrate if the reaction is carried out in the presence 
of phosphate ions (26). Table II shows the effect of added 
cytochrome c and nitrate, respectively, on the oxidation of 
formate by rat liver extracts in the presence of DPN. It can 
be seen from this table that the addition of cytochrome c de- 
creased the oxidation of formic acid to the endogenous level, 
thus nullifying the enhancing influence of DPN. If the respon- 
sible enzyme were a DPN-dehydrogenase, the addition of cyto- 
chrome c would have enhanced the oxidation of formate. 

Methylene blue is known to act as a hydrogen acceptor for 
reduced xanthine oxidase and for reduced dehydrogenases. If 
a DPN-dehydrogenase were responsible for the oxidation of 
formic acid, it would proceed in the absence of oxygen but in the 
presence of methylene blue. However, if this oxidation were 
dependent on the formation of peroxide by xanthine oxidase, no 
appreciable oxidation should occur under anaerobic conditions. 
With the Thunberg technique (25), hypoxanthine and DPN 
were incubated anaerobically with rat liver extracts in the pres- 


2 APHA was a gift from Lederle Laboratory Division of the 
American Cyanamid Company through the kindness of Dr. B. L. 
Hutchings. 
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TABLE II 


Effect of additives on formate oxidation enhanced by purine 
derivatives in rat liver ertracts 


Additions ome 
c.p.m. X 
10-3 
Experiment I 
ATP, 0.002 m + PGA,f 0.001 M..................... 8.3 


Experiment II 


113 
Hypoxanthine, 0.002 m + PGA,f 6 X 10-*M........ 2.5 
DPN, 0.002 m + PGA,f 6 X M.... 65 
DPN, 0.002 m + PGA,f 6 X 10-4 m + cytochrome c, 
experiment ITI 
DPN, 0.002 mM + cytochrome c, 1 X 10-4 M.......... 21 
Experiment IV 
DPN, 0.001 mM + NaNOsz, 0.020 21.5 


* Conditions of incubation the same as described in Table I. 
Formate-C™ concentration, 0.005 m (310 X 10? c.p.m. per flask). 

t Commercial sample of folic acid (PGA) contained 1.6 per cent 
diazotizable amine (AHPA) as determined by the method of Brat- 
ton and Marshall (24). 

t3 ml. of rat liver extract in 0.1 mM phosphate buffer, pH 7.2, 
incubated for 2 hours at 37° in O2. C-formate, 0.005 m, 175 X 
10 c.p.m. per flask. 


DPN 
8 7 

6 “Hydrolyzed DPN 

~ § 

4 

DPN and AHPA 
! Control | 

Incubation Time 
(minutes) 


Fig. 1. Effect of AHPA on the oxygen uptake of rat jejunum 
extracts incubated with DPN and formate. Incubated 2 ml. of 
dialyzed rat jejunum extract in 0.1 mM phosphate buffer, pH 7.4, 
with 0.002 m DPN or hydrolyzed DPN (21), 0.005 m formate, with 
or without 0.003 m AHPA in an oxygen atmosphere with a Warburg 
apparatus. Total volume of incubation mixture was 3 ml. 
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ence of C-formate and methylene blue. Table III shows that 
practically no formate was oxidized under these conditions in the 
presence of DPN and methylene blue or with methylene blue 
alone. These results indicate that a dehydrogenase is not 
responsible for formate oxidation. 

Effect of Other Peroxide-forming Systems—Since xanthine 
oxidase forms hydrogen peroxide, it was of interest to test 
whether other enzymes in rat liver extracts known to produce 
hydrogen peroxide would have any influence on formate oxida- 
tion. Monoamine oxidase (27) uricase (28), and D-amino acid 
oxidase (29) are present in rat liver and are known to produce 
hydrogen peroxide in the oxidation of their respective substrates. 
The participation of these enzymes in formate oxidation was 
tested and the results are given in Table IV. 

The addition of tyramine, uric acid, and DL-methionine, respec- 
tively, enhanced formate oxidation to an appreciable extent. 
Since the oxidation of uric acid by uricase is not inhibited by 
AHPA (23), it was of considerable interest to test the effect of 
AHPA on the oxidation of formate by rat liver extracts in the 
presence of added uric acid. Addition of AHPA, which com- 
pletely inhibits formate oxidation in the presence of hypoxanthine 
(Fig. 1 and Table II), did not inhibit this oxidation in the pres- 
ence of uric acid (Table IV). This established that AHPA 
affected formate oxidation by inhibition of xanthine oxidase and 


TABLE IIT 


Effect of methylene blue and anaerobiosis on oxidation of formic 
acid enhanced by DPN or hypoxanthine in rat liver extracts 
3 ml. of rat liver extract incubated in 0.1 mM phosphate buffer, 
pH 7.4, for 2 hours at 37°; C!-formate 0.005 mM, 230 X 10% ¢.p.m. 
per flask. All other additions 0.002 m. 


Additions C™O>-activity 


c.p.m. X 10-3 


Methylene blue 
Hypoxanthine + methylene blue*............. 
DPN + methylene blue*...................... 


Or 


* Evacuated Thunberg tubes. 
+t Flasks were gassed with oxygen. 


TABLE IV 


Effect of hydrogen perozide-forming enzymes on oxidation 
of formic acid by rat liver extracts 


Additions 
c.p.m.xX 
10-8 
Experiment I* 
Experiment 
Uric acid, 0.006 m + PGA, 1X 48 


* Conditions as in Table I. 
t Conditions as in Table ITI. 


J. Oro and D. A. Rappoport 


1663 
TABLE V 
Effect of hydrogen donors on oxidation of formic 
acid by rat liver extracts 
Additions 
c.p.m. X% 
10-3 
Experiment I 
39.2 
Hypoxanthine, 0.002 m + nitrite, 0.004 mM............. 15.1 
DPN, 0.002 m + nitrite, 0.004 m...................... 10.2 
Ixperiment II (9-day rats) 
I:xperiment III (mature rats) 


*3 ml. of rat liver extract in 0.1 M phosphate buffer, pH 7.4; 
incubated for 2 hours at 37° in oxygen; DPN, 0.002 m; C"-for- 
mate, 0.003 mM (420 X 10° e.p.m.). 

+ 2.7 ml. of rat liver extract (2 parts tissue and 9 parts Krebs- 
Ringer buffer, pH 7.4). Incubated 1 hour in oxygen at 37°. 
Contained formate-C"™, 3.7 (4.8 ¢.p.m.); pL-homo- 
cysteine, 3.7 X 107°; and glycine, 3.7 K 

t 4 ml. of rat liver extract (1 part tissue and 2 parts 0.1 mM phos- 
phate buffer, pH 7.4). Incubated 2 hours at 38° in oxygen con- 
taining 5 X 10-* m formate-C"™ (9.8 & 104 e.p.m.). 


that it does not prevent peroxide formation from the action of 
uricase on uric acid. 

Effect of Hydrogen Donors on Catalase-Hydrogen Peroxide Com- 
plec—The previous results have demonstrated that the oxida- 
tion of formic acid in animal tissues is induced by enzymatic 
reactions which produce hydrogen peroxide. Chance established 
(30) that catalase forms a hydrogen peroxide complex which is 
capable of oxidizing formic acid, among other substrates. Ex- 
periments were then designed to ascertain the nature of the 
enzyme that is responsible for the oxidation of formic acid in the 
presence of hydrogen peroxide. Since Weinhouse (19) has 
suggested that a catalase peroxide complex is also responsible 
for the oxidation of formic acid in animal tissues, the presence 
of other substrates which can interact with this complex and thus 
compete with formic acid, should result in a decreased oxidation 
of the latter. Nitrous acid and ethanol are also oxidized by 
catalase hydroperoxide (31, 32). Table V shows the effect of 
sodium nitrite on the oxidation of C'-formate in the presence 
of either hypoxanthine or DPN. The addition of sodium nitrite 
inhibited the C'-formate oxidation 61 per cent in presence of 
hypoxanthine and 78 per cent in presence of DPN. 

The effect of added ethanol and nitrite, respectively, on 
formate oxidation, in the absence of added purines, was tested 
with rat liver extracts from 9-day-old rats and mature rats. 
Table V shows the results of these tests. Appreciable inhibition 
of formate oxidation was noted in presence of these additives. 

Effect of Added DPN—The enhancing effect of DPN on the 
oxidation of formic acid is probably due to the initial degradation 
of DPN by liver DPN nucleotidases and the resulting purine is 
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then oxidized by xanthine oxidase producing the H.O2. Since 
nicotinamide inhibits the action of DPN nucleotidases, experi- 
ments were designed to test the enhancing influence of DPN on 
formate oxidation in the presence of nicotinamide. In the 
presence of 2 X 10-? m nicotinamide, the oxidation of formic acid 
induced by DPN was significantly inhibited (30 per cent, Table 
VI). Nicotinamide alone had no affect on this oxidation. These 
results indicate that DPN is hydrolyzed by DPN nucleotidases 
of rat liver extracts to a purine derivative, which is then oxidized 
to uric acid by xanthine oxidase. 


TaBLe VI 
Effect of nicotinamide on oxidation of formic acid 
in rat liver extracts enhanced by DPN 
3 ml. of rat liver extract in phosphate buffer, pH 7.4, incubated 
for 2 hours at 37° in oxygen. C'!-formate, 0.005 m, 175 X 105 
c.p.m. per flask. 


Additions C'O:-activity 

c.p.m. X 107% 
DPN, 0.002 m + nicotinamide, 0.020 m......... 28.0 
5.1 


Actual Amount 
=315 ug 


DPN DPN Hypoxan- Hypoxan- No Allantoin 


Cyt.c thine thine Additions Standard 
Folic Folic 
Acid Acid 


Fic. 2. Diagramatic drawing of a chromatogram showing 
allantoin formation from DPN incubated with rat liver extracts, 
with additives as shown. 
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It seemed likely that uric acid was then further oxidized to 
allantoin by the action of uricase which is known to be present 
in rat liver extracts (28). Investigations were carried out with 
rat liver extracts to establish whether allantoin was formed when 
DPN was used to enhance formate oxidation. The incubation 
mixtures (see heading in Table VI) were inactivated with per- 
chloric acid to a final concentration of 3 per cent, the protein 
precipitate was centrifuged off, washed several times with 3 per 
cent perchloric acid, and the supernatant was subsequently 
neutralized with KOH and made up to 10 ml. Aliquots of 4 
ml. were evaporated to dryness under vacuum at room tempera- 
ture. To the residues 0.2 ml. of distilled water was added, and 


- 60 ul. aliquots of these solutions were placed on Whatman No. 1 


paper and descending chromatographs were developed with a 
mixture of n-propanol, 90 per cent formic acid, and water (8:1:1). 
A sample of 60 ul. of a saturated solution of allantoin was used 
as a standard. After chromatography the paper was dried and 
sprayed with p-dimethylaminobenzaldehyde in 1.2 n HCI solu- 
tion (33) and the resultant vellow spots indicated the presence 
of allantoin (Fig. 2). 

Mechanism of Formate Oxidation—This investigation has 
shown that the necessary components responsible for formate 
oxidation by animal tissue extracts are catalase and a source of 
hydrogen peroxide. Since catalase has been shown to be widely 
distributed in various tissues including liver and intestine (34), 
it was only necessary to establish that the source of hydrogen 
peroxide was the determinant factor in this oxidation. The 
possibility that oxidation may occur through the mediation of 
DPN dehydrogenase was eliminated when it was demonstrated 
that DPN after alkaline hydrolysis was as effective as DPN 
itself (Table I). Also, the presence of nicotinamide, which 
inhibited the degradation of DPN to purine by DPN nucleotidase 
in the tissue extract, obviated the enhancing effect of DPN on 
formate oxidation (Table VI). Thus the oxidation can be 
attributed to the liberation of free purine which subsequently 
was oxidized by xanthine oxidase and uricase to form hydrogen 
peroxide and allantoin (Table I and Fig. 2). 

Additional evidence that xanthine oxidase is involved in this 
oxidation is demonstrated by the inhibitor influence of AHPA 
on formate oxidation (Table II and Fig. 1) where AHPA is a © 
specific inhibitor of xanthine oxidase (22). In addition, the 
presence of cytochrome c and nitrate as acceptors of electrons 
from reduced xanthine oxidase eliminated the enhancing influence 
of purine derivatives on formate oxidation under aerobic condi- 
tions (Table II) by preventing hydrogen peroxide formation. 
In the absence of oxygen, methylene blue, whether alone or in 


A X.OXIDASE-H, HNO, Mb 0, 4,0 CATAL (OH,0O0H EtOH HNO, H,0, HCOOH 
AHPA—>- -]- - - | 
AH, X.OXIDASE HNO, Cyte’ MbHe CATAL(OH)4 AcH HNOs 


Fic. 3. Scheme representing the coupling of catalase with various H.O2-producing systems in the oxidation of formic acid. 
AH: is the substrate for xanthine oxidase; CATAL-(OH);00H is the catalase-peroxide complex; vertical broken arrows are com- | 


petitive or noncompetitive inhibitors. 
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presence of hypoxanthine or DPN, did not facilitate formate 
oxidation (Table III). Thus the presence of oxygen was essen- 
tial for the formation of hydrogen peroxide from xanthine oxidase 
activity. A schematic summary of these interrelated reactions 
is illustrated in Fig. 3. Other peroxide-forming systems such 
as monoamine oxidase (27), uricase (28), and D-amino acid 
oxidase (29) can serve as sources of peroxide for formate oxidation 
(Table IV). 

Availability of hydrogen peroxide and the presence of catalase 
implicated the participation of a catalase-peroxide complex (30), 
first indicated by the model experiments of Weinhouse (19), as 
the primary agent responsible for oxidation of formate to COs. 
Ethanol, nitrite, and formate, respectively, are known to be 
substrates for the catalase peroxide complex system (30). Thus 
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the addition of either ethanol or nitrite to an incubation mixture 
containing formic acid prevented oxidation of formic acid by 
interaction with the catalase peroxide complex (Table V). 


SUMMARY 


Formate is oxidized to carbon dioxide in rat liver and jejunum 
extracts by a catalase-hydrogen peroxide complex. Dehydrogen- 
ases do not participate in this oxidation. Enzymes responsible 
for the formation of hydrogen peroxide are xanthine oxidase, 
uricase, monoamine oxidase, and D-amino acid oxidase. Thus, 
the oxidation of formate is the result of coupled reactions between 
the enzymes capable of yielding hydrogen peroxide for the forma- 
tion of a catalase peroxide complex and the subsequent oxidation 
of formate by this complex. 
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Evidence was presented in an earlier paper (2) for the occur- 
rence of the following enzymatic reactions: 


Acrylyl-CoA + H.O = 6-hydroxypropionyl-CoA (1) 


8-Hydroxypropionyl-CoA Q 
+ — 8-hydroxypropionate + CoA 


The hydration of acrylyl-CoA (Reaction 1)! is catalyzed by 
crystalline crotonase (enoyl hydrase), and the hydrolysis of the 
resulting 6-hydroxypropionyl-CoA (Reaction 2) is accomplished 
by a deacylase present in extracts of various animal tissues and 
certain microorganisms. The present paper is concerned with 
the partial purification and properties of a DPN-dependent de- 
hydrogenase which catalyzes the following reversible reaction: 


8-Hydroxypropionate + DPN*t = (3) 
malonate semialdehyde + DPNH + Ht 


6-Hydroxypropionic dehydrogenase, which has been purified 
about 200-fold from pig kidney extracts, is apparently distinct 
from other known dehydrogenases and has no activity on B- 
hydroxypropionyl-CoA. The possibility that Reactions 1 to 3 
are part of a G-oxidative pathway for propionate metabolism in 
animal tissues is discussed below. 


EXPERIMENTAL 


Enzyme Assay—The dehydrogenase was assayed in cuvettes 
with a light path of 1 cm. by spectrophotometric measurement at 
340 my of the rate of DPN reduction. The reaction mixture 
contained 500 uwmoles of Tris? buffer, pH 9.0, 10 uwmoles of 


* Supported by a grant from the National Science Foundation. 
A preliminary report of this investigation was presented at the 
meeting of the American Society of Biological Chemists at Phila- 
delphia, April, 1958 (1). 

+ Predoctoral Research Fellow of the United States Public 
Health Service. The experimental data in this paper are taken 
from a thesis submitted by Halina Den in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy in Bio- 
logical Chemistry in the Rackham School of Graduate Studies of 
the University of Michigan. Present address, Research Labora- 
tory of the Boston Dispensary, Boston, Massachusetts. 

1A slow spontaneous hydration was proposed earlier (2) to 
account for the appearance of two distinct spots when acrylyl- 
CoA or methacrylyl-CoA was submitted to paper chromatography. 
Dr. Earl Stadtman (personal communication) has suggested that 
the spontaneous addition of free CoA to the unsaturated thiol 
esters may account for our chromatographic findings. Such an 
explanation would be in accord with the evidence presently 
available on the properties and metabolic reactions of acrylyl- 
CoA and methacrylyl-CoA. 

2 The following abbreviation is used: Tris, tris(hydroxymethy])- 
aminomethane. 


ethylenediaminetetraacetic acid (Versene), 3 umoles of DPN, the 
enzyme preparation to be tested, and 280 uwmoles of potassium 
B-hydroxypropionate in a final volume of 3.0 ml. The final 
addition was 6-hydroxypropionate, which was omitted from the 
control cell. The rate of DPN reduction was found to be con- 
stant for at least 5 minutes and, as shown in Fig. 1, linear over a 
limited range of enzyme concentration. The unit of enzyme 
activity was defined as an increase in optical density of 0.001 
per minute under the conditions specified and the specific activity 
as the number of units per mg. of protein. An alternative assay 
procedure, based on the rate of DPNH oxidation by synthetically 
prepared malonic semialdehyde, has not proved to be as satis- 
factory as the method outlined. 


Preparation of Enzyme 


The various operations were carried out at 0° unless otherwise 
stated. The steps employed in the purification procedure are 
summarized in Table I. 


Extraction—Each of two 700-gm. portions of pig kidney tissue — 


which had been kept frozen for a week was minced and homog- 
enized with 700 ml. of 0.5 m potassium chloride in a Waring 
Blendor for 5 minutes, and each homogenate was diluted with 
700 ml. of 0.5 mM potassium chloride and 70 ml. of 1 mM potassium 
phosphate buffer, pH 7.4. The homogenates were then com- 
bined and stirred mechanically for 30 minutes. To this prepara- 
tion ina bath at —5° were added 2800 ml. of a solution (at —20°) 
prepared by mixing equal volumes of absolute ethanol and 0.5 
M potassium chloride. 
stirring, required about 1 hour. After the resulting mixture had 
been stirred 30 minutes it was centrifuged at 800 x g for 2 hours 
at —5° and the supernatant solution was dialyzed overnight 
against 48 1. of 0.025 m phosphate buffer, pH 7.4, containing 
0.001 m cysteine. 
tissue had not been frozen before extraction. 

First Ammonium Sulfate Fractionation—The dialyzed ethanol 
extract was brought to an ammonium sulfate concentration of 
0.21 gm. per ml. (0.40 saturation) by slow addition of the solid 
salt. The mixture was then stirred for 30 minutes and the pre- 
cipitate obtained upon centrifugation at 13,000 r.p.m. was dis- 
carded. The supernatant solution was brought to a salt con- 
centration of 0.32 gm. per ml. (0.60 saturation) and stirred for 30 
minutes. The precipitate obtained upon centrifugation was dis- 
solved in 260 ml. of 0.1 m phosphate buffer, pH 7.4, and dialyzed 
overnight against 4 |. of 0.01 m phosphate buffer, pH 7.4, con- 
taining 0.001 M cysteine. 


Heat Denaturation—The dialyzed solution was adjusted to pH : 
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6.0 by the addition of about 5 ml. of 1 M acetic acid, the solution 
was stirred for 30 minutes and centrifuged, and the precipitate 
was discarded. The supernatant solution was transferred to a 
stainless steel beaker and placed in a water bath at 70°. When 
the temperature of the solution, which was stirred mechanically, 
had reached 60° (about 3 minutes), the beaker was transferred 
at once to an ice bath and stirring was continued until a tempera- 
ture of 0° was reached. The precipitate of denatured protein 
obtained upon centrifugation for 20 minutes at 13,000 r.p.m. was 
discarded and the supernatant solution was diluted with 0.1 m 
phosphate buffer, pH 7.4, to give a protein concentration of 15 
mg. per ml, 

Second Ammonium Sulfate Fractionation—The solution from 
the above step was brought to a final ammonium sulfate concen- 
tration of 0.215 gm. per ml. (0.41 saturation) by the slow addi- 
tion of the salt. The mixture was then stirred for 30 minutes 
and centrifuged for 20 minutes at 13,000 r.p.m. The resulting 
precipitate was discarded and the supernatant solution was 
brought to an ammonium sulfate concentration of 0.27 gm. per 
ml. (0.52 saturation). The resulting precipitate was collected by 
centrifugation, dissolved in about 80 ml. of 0.05 m phosphate 
buffer, pH 7.4, and dialyzed overnight against 4 1. of 0.02 m 
potassium chloride. 

Ethanol Fractionation—The dialyzed solution was adjusted to 
a protein concentration of 20 mg. per ml. by adding 0.02 m potas- 
sium chloride, and 1 M magnesium chloride was added to a final 
concentration of 0.004 m. The solution was stirred a few min- 
utes and chilled in a bath at —5° during the addition of absolute 
ethanol (previously chilled to —20°) to a final concentration of 
20 volumes per cent. The precipitate obtained upon centrifuga- 
tion at 22,000 « g at —5° was discarded and the supernatant 
solution was brought to an ethanol concentration of 30 volumes 
per cent at —10°. The precipitate collected by centrifugation 
at 22,000 x g at —10° was dissolved in 20 ml. of 0.1 m phosphate 
buffer, pH 7.4, and dialyzed overnight against 4 1. of 0.01 m 
phosphate buffer, pH 7.4. 
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Fig. 1. DPN reduction as a function of 6-hydroxypropionic 
dehydrogenase concentration. Varying amounts of dehydro- 


- genase (specific activity 210) were employed in the standard assay 
system. 
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TABLE | 
Procedure for partial purification of B-hydroxypropionic 
dehydrogenase from pig kidney 


Preparation Volume Protein Units staan Yield 
ml. meg. % 
Iextract..............} 5,500 | 56,000 | 235,000 4.4) 100 
Ammonium sulfate 

ppt. (0.4-0.6 satura- 

270 | 27,540 | 176,100 6.4, 75 
Heated fraction....... 430 | 7,040 102,000 14.5) 43 
Ammonium sulfate 

ppt. (0.41-0.52 sat- 

Ethanol ppt. (20-30%). 32 682 46,300' 68 20 
Bentonite —superna- 

tant fraction........ 23 46 22,500) 490 10 
DEAE cellulose eluate. 22 7.6! 7,600/1,000 3 


Treatment with Bentonite—The dialyzed solution was diluted 
with 0.01 m phosphate buffer, pH 7.4, to a protein concentration 
of 18 mg. per ml. and divided into 5-ml. portions. To each por- 
tion, 351 mg. of bentonite were added and the mixture was stirred 
efficiently for 15 minutes with a large glass rod. The supernatant 
solutions obtained by centrifugation at 22,000 x g were collected 
and pooled. 

Treatment with Diethylaminoethyl Cellulose—Diethylamino- 
ethyl! cellulose, 20 gm., was washed with 0.01 m phosphate buffer, 
pH 6.0, until the supernatant liquid resulting from centrifugation 
was at pH 6.7, and the precipitate was then suspended in 1 1. of 
0.01 m phosphate buffer, pH 6.0. To each of several centrifuge 
tubes, 2.5 ml. of this 2 per cent suspension were added, and the 
supernatant solution obtained upon centrifugation at 22,000 x g 
was discarded. To each tube 5 ml. of the enzyme preparation 
were then added, the mixture was stirred occasionally over a 
period of 10 minutes, and the supernatant solution obtained upon 
centrifugation was discarded. The precipitate was washed with 
5 ml. of 0.015 phosphate buffer, pH 7.8, and eluted with 5 ml. 
of 0.03 m phosphate buffer, pH 7.8, to give a preparation with a 
specific activity of about 1000.* Since the enzyme loses activity 
in this dilute solution, it was concentrated by precipitation with 
ammonium sulfate at a final concentration of 0.42 gm. per ml. 
(0.8 saturation), and was then dissolved in a minimal amount of 
0.1 m phosphate buffer, pH 7.4, and dialyzed against 1 |. of the 
same buffer. The resulting preparation was stored in a frozen 
state and found to retain full activity for several weeks. 

Identification of Reaction Products—The ascending portion of 
the curve in Fig. 2 represents the rate of DPN reduction upon 
the addition of 280 umoles of B-hydroxypropionate to a mixture 
containing 50 umoles of phosphate buffer, pH 7.8, 10 umoles of 
Versene, 3 umoles of DPN, and the partially purified dehydro- 
genase (specific activity 490, 0.4 mg. of protein) in a final volume 
of 3.0 ml. At the point indicated by the arrow, 50 umoles of 
malonic semialdehyde were added, resulting in reversal of the 
reaction as shown by DPNH oxidation. 

The dehydrogenation product was identified as malonic semi- 
aldehyde by paper chromatography of the dinitrophenylhydra- 


3 Subsequent elution of the precipitate with 5 ml. of 0.04 m 
buffer yielded an additional 25 per cent of the enzyme, but at 
lower specific activity. 
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Fic. 2. DPN reduction as a function of time. The ascending 
portion of the curve indicates the extent of DPN reduction by 
8-hydroxypropionate. The addition of malonic semialdehyde 
(at the time indicated by the arrow) resulted in reversal of the 
reaction as shown by the descending curve. 


TABLE II 


Chromatographic identification of malonic semialdehyde as product 
of B-hydroxypropionate dehydrogenation 

In Experiment 1, the reaction mixture contained 50 wmoles of 
pyrophosphate buffer, pH 9; 10 ymoles of Versene; 3 umoles of 
DPN (acetone-free); 500 wmoles of potassium 6-hydroxypropio- 
nate; and the partially purified dehydrogenase (specific activity 
490, 0.4 mg. of protein). After incubation for 20 minutes at room 
temperature the mixture was treated with 2,4-dinitrophenylhy- 
drazine at 0° and the products were extracted into ethyl acetate 
and then treated with sodium carbonate solution at 0°. The al- 
kaline layer was acidified cautiously with sulfuric acid and ex- 
tracted with chloroform. The resulting acidic phenylhydrazone 
fraction was submitted to paper chromatography in 95 per cent 
methanol (Solvent A), and in 7:2:10 butanol-0.56 mM ammonium 
hydroxide-absolute ethanol (Solvent B). In Experiment 2, after 
the addition of dinitrophenylhydrazine the mixture was heated 
in a water bath at 80° for 20 minutes to decarboxylate the malonic 
semialdehyde phenylhydrazone. The mixture was then chilled 
and extracted with carbon tetrachloride. The carbon tetrachlo- 
ride layer was washed with water and 0.5 N sodium hydroxide and 
the neutral phenylhydrazone fraction was submitted to paper 
chromatography in methanol-saturated heptane (Solvent C) by a 
modification of the procedure of Meigh (3). 


Rr of dinitrophenylhydrazo 
System 
Solvent A Solvent B |Solvent C 
Experiment | Complete 0.44, 0.71) 0.47 
1 8-Hydroxypropio- /|(none) (none) 
nate omitted 
Known malonic 0.46, 0.71) 0.47 
semialdehyde 
Known acetaldehyde/0.71 (near 
solvent 
front) 
Experiment | Complete 0.28 
2 8-Hydroxypropio- (none) 
nate omitted 
Known acetaldehyde 0.28 
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TABLE III 
Stoichiometry of reaction 


In Experiments 1 and 2, the reaction mixture contained 50 p- 
moles of pyrophosphate buffer, pH 9.0; 280 umoles of 6-hydroxy- 
propionate; 3 umoles of DPN; and the dehydrogenase (specific 
activity 29 in Experiment 1; 4.2 mg. of protein) in a final volume 
of 3.0 ml. and was incubated at 25° for 47 minutes. After Experi- 
ment 1 had been performed, the enzyme preparation was frozen 
and thawed several additional times, resulting in the lower ac- 
tivity apparent in Experiment 2. In Experiments 3 and 4, the 
reaction mixture contained 50 uwmoles of phosphate buffer, pH 
7.4;1 umole of malonic semialdehyde; and the same enzyme prep- 
aration as in Experiments 1 and 2, and 1.5 wmoles of DPNH (Ex- 
periment 3) or 0.9 umole of DPNH (Experiment 4). DPNH was 
estimated spectrophotometrically (with correction for nonenzy- 
matic loss in Experiments 3 and 4), and the semialdehyde was 
estimated colorimetrically by the procedure employed by Kal- 
nitsky and Tapley (4) for oxalacetate. 


Substrates Com 
pmole umole 
1 8-Hydroxypropionate, DPN +0.43 +0.41 
2 8-Hydroxypropionate, DPN +0.28 +0.29 
3 Semialdehyde, DPNH —0.39 —0.36 
4 Semialdehyde, DPNH —0.28 —0.24 


zone (Table II). The instability of the product resulted in the 
formation of some acetaldehyde dinitrophenylhydrazone, de- 
tected as an additional faint spot in Experiment 1. In Experi- 
ment 2, complete decarboxylation was accomplished by heating 
before chromatography. 

As further proof of the nature of the reaction catalyzed by the 
dehydrogenase, the product of the reduction of synthetically pre- 
pared malonic semialdehyde was identified chromatographically 
as B-hydroxypropionic acid. A reaction mixture containing 50 
umoles of phosphate buffer, pH 7.4, 10 wmoles of Versene, 4.5 
pmoles of DPNH, 7.5 umoles of malonic semialdehyde, and par- 
tially purified dehydrogenase (specific activity 600, 0.2 mg. of 
protein) in a volume of 3 ml. was incubated for 20 minutes at 
room temperature. The mixture was then cautiously acidified 
with 5 N sulfuric acid and extracted repeatedly with ether. Chro- 
matography of the ether-soluble acids in butanol-formic acid 
showed the presence of acids with Rp values of 0.57 and 0.80, 
corresponding exactly to known #-hydroxypropionic acid and 
known malonic semialdehyde, respectively. As expected, upon 
omission of the semialdehyde from the reaction mixture no acids 
were detected on the chromatogram. 

Stoichiometry—Additional evidence supporting Reaction 3 was 
provided by determining the stoichiometry, as shown in Table 
III. The concentration of a standard solution of malonic semi- 
aldehyde was calculated on the assumption that this compound 
is generated quantitatively from the acetal ester (see ‘“Methods’’). 
This assumption appears to be justified by the observation that 
the expected amount of DPNH disappears in the enzymatic re- 
action. Unfortunately, attempts to estimate the concentration 
of the aldehyde acid standard by other methods have not yet 
proved successful. Controls without enzyme and without /- 
hydroxypropionate or aldehyde acid were included in the experi 
ments described. 


Substrate Specificity—The purified dehydrogenase does not 
attack 6-hydroxypropionate when TPN is substituted for DPN — 
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Fic. 3. Dehydrogenase activity as a function of 8-hydroxypropionate and DPN concentrations. The standard assay was 


used with dehydrogenase of specific activity 900 (36 ug. of protein). 
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Fig. 4. Dehydrogenase activity as a function of pH. 


as hydrogen acceptor, and the following compounds are inactive 
when substituted for B-hydroxypropionate in the presence of 
DPN: §-hydroxypropionyl-CoA, glycolic acid, lactic acid, malic 
acid, y-hydroxyvaleric acid, mevalonic acid, ethanol, propanol, 
propane-1 ,2-diol, and choline; pyridoxal and pyridoxal phos- 
phate are inert when tested with DPNH. On the other hand, 
DPN reduction was observed upon incubating the dehydrogenase 
preparation with pantoic acid, y-hydroxybutyric acid, and gly- 
ceric acid; it is not yet known whether or not these activities are 
due to the presence of contaminating enzymes. 

The purified 6-hydroxypropionic dehydrogenase contains 6-hy- 
droxyisobutyric dehydrogenase (which is known to have no ac- 
tivity on B-hydroxypropionate (5)) and also dehydrogenates 
B-hydroxybutyrate and B-hydroxyethylsulfonate. The activity 
toward these two substrates decreases markedly during the puri- 


fication procedure, however, indicating the presence of other de- 
hydrogenases as contaminants. 

Physical Constants—The equilibrium constant for the reaction 
catalyzed by the dehydrogenase strongly favors the reduction of 
the aldehyde acid. The apparent constant at pH 9 is 9 x 10-3; 
including the H* as a reactant leads to the value: 


(malonate semialdehyde) (DPNH) (H*) 
(8-hydroxypropionate) (DPN*) 


The dependence of dehydrogenase activity on the concentra- 
tion of the substrates is shown in Fig. 3. The K,, values, deter- 
mined according to Lineweaver and Burk (6), were found to be 
3.4 X 10-4 m for DPN (with 6-hydroxypropionate at 9.3 x 


TABLE IV 
Distribution of B-hydrorypropionic dehydrogenase 

Alcohol-potassium chloride extracts of pig kidney, heart, and 
brain were prepared as described previously (7). Acetone powders 
of pig liver, chicken breast muscle, E. ashbyii, and spinach leaf 
were extracted by stirring with 10 volumes of 0.1 m phosphate 
buffer, pH 7.4, for 30 minutes at 4°; the supernatant solutions ob- 
tained upon centrifugation were dialyzed against 0.01 m phosphate 
buffer containing 0.001 m cysteine. Lyophilized preparations of 
P. shermanii and T. pyriformis (200 mg.) were ground as a paste 
with 1 gm. of alumina and extracted with 6 ml. of 0.01 m phosphate 
buffer, pH 7.4; the resulting extracts were not dialyzed. A sonic 
extract of FE. coli was made in 0.15 m potassium chloride. 


Source Relative specific activity 
Chicken breast muscle.............. 20 
Propionibacterium shermanit......... 155 
Eremothecium ashbyii................ 41 
Tetrahymena pyriformis............. 41 
Escherichia coli. 23 
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10-2 m) and 2.0 m for B-hydroxypropionate (with DPN 
at 10-3 m). The latter A,, value is unusually large for a hydroxy 
acid dehydrogenase, and may indicate a relatively low affinity 
of the enzyme for B-hydroxypropionate. The plot in Fig. 4 rep- 
resents the activity of the dehydrogenase in Tris buffers of vary- 
ing pH, with a maximal value at about 10.0. 

Distribution of B-Hydroxypropionic Dehydrogenase—The rela- 
tive activity of the enzyme in extracts from various sources, as 
measured by the spectrophotometric assay, is given in Table IV. 
Pig kidney, heart, and liver extracts contain this enzyme in sim- 
ilar amounts, but it could not be detected in a brain preparation. 
Extracts of Propionibacterium shermanwi are unusually rich in 
B-hydroxypropionic dehydrogenase and in addition are free of 
B-hydroxyisobutyric dehydrogenase, which contaminates even 
the 200-fold purified pig kidney preparation. 


DISCUSSION 


Earlier studies in this laboratory and the evidence presented 
above for the action of 6-hydroxypropionic dehydrogenase per- 
mit the formulation of the following reaction sequence: acrylyl- 
CoA = £-hydroxypropionyl-CoA — 6-hydroxypropionate 
malonic semialdehyde. The metabolic importance of these re- 
actions, which are clearly different from those of an a-oxidative 
pathway proposed by other investigators (8-10), is not yet entirely 
clear. Presumably acrylyl-CoA arises from propionyl-CoA in 
animal tissues by dehydrogenation, as is well established for 
longer chain thiol esters (11-13), but apparently this has not 
yet been definitely established. A transaminase present in ani- 
mal tissues but absent from extracts of several microorganisms 
tested catalyzes the conversion of malonic semialdehyde to B- 
alanine in the presence of glutamate (14). In contrast, Stadtman 
(15, 16) has shown that the formation of B-alanyl thiol esters 
occurs in Clostridium propionicum extracts by the addition of 
ammonia to acrylyl pantotheine or acrylyl-CoA and that the 
unsaturated thiol esters arise by enzymatic dehydrogenation of 
the propionate derivatives. Vagelos and Stadtman (17) could 
not detect B-alanyl pantotheine formation in several strains of 
aerobic bacteria (Pseudomonas sp.), but found an enzyme in this 
bacterium that converts acrylyl pantotheine to a compound ten- 
tatively identified as lactyl pantotheine.* 

During the course of the work described in this paper Giova- 
nelli and Stumpf (18, 19) reported the conversion of C!*-labeled 
propionate to 6-hydroxypropionate in peanut cotyledon mito- 
chondria. Of particular interest, these investigators have found 
that propionate is oxidized exclusively by a 6-oxidative pathway 
in their plant preparations, the carboxy! carbon being lost as 
carbon dioxide and carbons 2 and 3 entering the Krebs citric acid 
cycle, presumably as acetyl-CoA. The possibility exists that 
Reactions 1 to 3 not only lead to 8-alanine formation in animal 
tissues but also serve as a 6-oxidative pathway for propionate 
metabolism. There is as yet no indication, however, that the 
further metabolism of malonic semialdehyde could account for 
the known glycogenic properties of propionate and the isotopic 
equilibration of carbon atoms 2 and 3 in the conversion of pro- 
pionate to other products in animal tissues (20-23). These re- 
quirements are satisfied, of course, by the well established path- 
way by which propionate and carbon dioxide yield succinate 
(24-26). Flavin and Ochoa (27), Flavin et al. (28), and Beck 

4 Dr. Roy Vagelos has recently obtained evidence for the oxida- 


tion of B-hydroxypropionyl-CoA to give the CoA ester of malonic 
semialdehyde in extracts of C. kluyveri (personal communication). 


Conversion of B-Hydroxyproptonate to Malonic Semialdehyde 


Vol. 234, No. 7 


et al. (29) have recently demonstrated that the following steps 


are concerned in this process: (a) an ATP-dependent carboxyla- 
tion of propionyl-CoA to yield methylmalonyl-CoA, and (6) the 
isomerization of this product to give succinyl-CoA. | 


Feller and Feist (30) have recently reported that propionate — 
is converted to fatty acids in adipose tissue by some mechanism _ 
other than carboxylation. This observation and the findings | 


of Brady (31) and Wakil (32) that a derivative of malonic acid — 
participates in fatty acid biosynthesis in enzyme systems suggest — 
a possible function for a B-oxidative pathway of propionate me- | 
tabolism. 


METHODS 


Malonic semialdehyde was made as needed in small amounts | 
from the ester acetal. The sodio derivative of malonic semi- | 
aldehyde ethyl ester, prepared by the condensation of ethyl] for- 
mate and ethyl acetate according to Deuschel (33), was treated 
with hydrogen chloride in absolute ethanol and the resulting ester 
acetal was purified by distillation (34). The product was shaken 
at room temperature with 9 volumes of 0.5 N sodium hydroxide . 
until complete solution was effected. To 1 ml. of the resulting 
solution, 1 ml. of 5 N sulfuric acid was added and the mixture 
was allowed to stand at room temperature for 1 hour. After 
neutralization with 0.5 N sodium hydroxide or with concentrated 
phosphate buffer, pH 7.4, the solution of malonic semialdehyde 
was diluted with cold water to the desired concentration and 
used promptly. | 

Commercial samples of B-hydroxypropionic acid or prepara- 
tions of this compound made from ethylene cyanohydrin (35) 
contain varying amounts of impurities, chiefly a colorless, hygro- 
scopic solid which may be a polyester acid of the sort described 
by Gresham et al. (36). @-Hydroxypropionic acid was therefore 
prepared from propiolactone and was isolated as the calcium, 
zine salt (37, 38). To 14.4 gm. of propiolactone in about 10 ml. . 
of water, 34 gm. of solid barium hydroxide were added cautiously 
and the mixture was heated for 30 minutes on a steam bath. The 
mixture was cooled to 0°, 12 N sulfuric acid was added dropwise 
to pH 1, and solid calcium carbonate was then added until the 
evolution of carbon dioxide ceased. The preparation was heated 
for 30 minutes on a steam bath and the precipitate obtained upon 
centrifugation was discarded. The supernatant solution of cal 
cium 6-hydroxypropionate was concentrated under a stream of — 
air to a syrup, 10 ml. of 50 per cent zine chloride solution were 
added, and the resulting precipitate of the double salt was col- 
lected by filtration and dried overnight tn vacuo over calcium 


chloride. The salt was recrystallized from a minimal amount of 
water. 
CaZnC€ 
Calculated: C 31.20, H 4.35 
Found: C 31.40, H 4.26 


Solutions of the double salt were converted to potassium #-hy- 
droxypropionate by passage through a column of Dowex 50 (K” 
form). Chromatography of an aliquot of the resulting solution 
in water-butanol-formic acid showed the presence of a single 
acid, Rr 0.58. The concentration of potassium 6-hydroxypropi 
onate in solution was determined by titration with standard hy 
drochlorie acid. | 

Organic acids were submitted to paper chromatography in 
solvent prepared by adding 40 ml. of butanol to the upper layer” 
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of a mixture of butanol, formic acid, and water (80:20:100 ml.). 
Chromatograms were sprayed with a slightly alkaline solution of 
0.04 per cent bromcresol green in 95 per cent ethanol. 

DPN, TPN, and CoA were commercial products. $-Hydroxy- 
propionyl-CoA was generated from acrylyl-CoA (2), made by 
the general method of Wieland and Rueff (39). The protein 
concentration of the solutions was determined spectrophotometri- 
cally with a correction for nucleic acid content (40). A culture 
of Tetrahymena pyriformis was kindly furnished by Dr. J. F. Hogg, 
Escherichia coli extract by Dr. H. J. Blumenthal, and a culture 
of Eremothecium ashbyiit by Mr. U. Al-Khalidi. P. shermanii 
was tested in experiments carried out jointly with Dr. S. Pomer- 
antz. 


SUMMARY 


1. A dehydrogenase which catalyzes the following reaction has 
been partially purified from pig kidney extracts: 


B-Hydroxypropionate + DPNt@ 
malonate semialdehyde + DPNH + H+ 


H. Den, W. G. Robinson, and M. J. Coon 
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Malonic semialdehyde has been identified as the reaction product 
and has been syntheized and shown to be reduced to 6-hydroxy- 
propionate in the presence of reduced diphosphopyridine nucleo- 
tide and the dehydrogenase. 

2. The 200-fold purified dehydrogenase is distinct from B- 
hydroxyisobutyric dehydrogenase and exhibits no activity with 
B-hydroxypropiony! coenzyme A or a variety of compounds such 
as glycolic, lactic, and mevalonic acids. Triphosphopyridine 
nucleotide does not substitute for diphosphopyridine nucleotide. 

3. As judged by spectrophotometric assay, 6-hydroxypropionic 
dehydrogenase is also present in extracts of heart, liver, skeletal 
muscle, Propionibacterium shermanit, Tetrahymena pyriformis, 
Eremothecium ashbyii, and Escherichia coli. 

4. The possible role of this enzyme in a pathway for the B- 
oxidation of propionate is discussed. 


Acknowledgments—The authors wish to acknowledge the tech- 
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Investigations, conducted in our laboratories, have led to elu- 
cidation of the fatty acid composition of the lipides of Lacto- 
bacillus arabinosus, Lactobacillus casei, and Lactobacillus delbru- 
eckit (2). As an outgrowth of these studies it was observed (3) 
that alterations in the composition of the culture medium exerted 
a marked effect on the fatty acid spectrum of L. delbruecku. In 
order to establish the general significance of these observations 
we have now extended this type of study to L. arabinosus and 
L. casei. The results point toward a close metabolic relation 
between cis-vaccenic and lactobacillic acids and seem to implicate 
cis-vaccenic acid as a precursor in lactobacillic acid biosynthesis. 
In view of these findings it became of interest to explore plausible 
routes to cis-vaccenic acid in the lactic acid organisms. At- 
tempts to demonstrate the presence of a “fatty acid dehydro- 
genase”’ system in these bacteria were unsuccessful; stearic acid 
dehydrogenation is thus not a likely route to cis-vaccenic acid. 

The biotin-sparing effects of unsaturated fatty acids have been 
interpreted in terms of an involvement of this vitamin in un- 
saturated fatty acid biosynthesis (4, 5). Since these and other 
investigations (6-8) were based on observations with fatty acids 
possessing an 18-carbon chain it seemed of importance to assess 
the effect of chain length on the biotin sparing activity of un- 
saturated fatty acids. Three unsaturated fatty acids of the 
general structure of Scheme 1 (where z represents 1, 3, and 5) 
were prepared and tested for their ability to promote growth of 


\ 
SCHEME 1 


three lactic acid organisms in the presence of suboptimal quan- 
tities of biotin. Starting with cts-vaccenic acid (Scheme 1, z = 
9) and including palmitoleic acid (Scheme 1, x = 7) we had avail- 
able for study a homologous series of five unsaturated acids dif- 
fering from one another by successive 2-carbon shortening of the 
chain. 


H;C—(CH2)s 


EXPERIMENTAL 


Materials—The crotonic, isocrotonic, fumaric, maleic, and 
vinylacetic acids were obtained from commercial sources. Lacto- 
bacillic acid was isolated from Agrobacterium tumefaciens (9), and 


* Supported by grants from the American Cancer Society, rec- 
ommended by the Committee on Growth of the National Research 
Council, and by the United States Public Health Service. 

1 A preliminary report of parts of this investigation has ap- 
peared (1). 
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palmitoleic acid was prepared from sperm oil (10); m.p. 
to 0°. 
CisH3002 


Calculated: C 75.5, H 11.9, neutral equiv. 254.5, iodine No. 998 — 
C 75.7, H 11.7, neutral equiv. 253.4, iodine No. 99.0 


Found: 


The cts-vaccenic and cis-3,4-methylenedecanoic acids were : 


synthesized (11, 12). Commercial samples of lauric, myristic, 
palmitic, and stearic acid were purified by recrystallization from 
ethanol. The Tween 40 was a gift from the Atlas Powder Com. 
pany. 
(13) by oxidation with chromium trioxide (14). 


acetylenic acids. 
mediates was achieved in methanol containing pyridine (11). 
Petroleum ether, b.p. 40-46°, was employed for recrystallization- 


of the various acids. The infrared absorption spectra of the 
acetylenic acids were consistent with the assigned structures. — 
The acetylenic stretching frequency at 2,220 cm.-! was seen in 
The absence of this band 
in the spectra of the other two acids was to be expected (16). — 
Evaluation of the infrared absorption spectra of the olefinic acids _ 


the lowest member of the series only. 


demonstrated the presence of some trans-isomer in 3-decenoic, 
5-dodecenoic, and 7-tetradecenoic acids. 


with the corresponding saturated acids. 


3-Decynoic Acid—To a of 20 gm. of 3-decyne-1-0l, 


n'® 1.4601 (literature (12) n!° 1.4611), in acetone (350 ml.) was” 


added with stirring over a period of 1 hour a solution of chro — 


mium trioxide (17.5 gm.) in concentrated sulfuric acid (15.2 ml. I 
and water (59.4 ml.). The temperature was kept at 20° during” 
the addition, then the mixture was stirred at room temperature, 
for 15 hours. The supernatant was decanted from the green” 
sludge which had formed on the bottom of the flask, and was 
evaporated. The residue was triturated with water, and te 
suspension was added to the original sludge. The mixture was 
shaken with three 200 ml. portions of ether and the combined 
ethereal phases were extracted with 375 ml. of 5 per cent sodium 
bicarbonate. The acid was isolated from the bicarbonate ex 
tract in the usual manner, and was purified by recrystallization 
from petroleum ether, yield 7.45 gm.; m.p. 35.5-38.0°; pK, 5.35. 
On exhaustive hydrogenation a sample absorbed 107 per cent o/ 
the expected quantity of hydrogen. 


71.3, H 9.6, neutral equiv. 168.2 
71.0, H 9.3, neutral equiv. 172.0 


Calculated: C 
Found: C 


The 3-decynoic acid was obtained from 3-decyne-1-0l | 
The procedure 
of Ahmad et al. (15) was employed for preparation of the other 
Partial hydrogenation of the acetylenic inter-— 


The low iodine num-— 
bers of 3-decenoic and 5-dodecenoic acid point to contamination - 
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§-Dodecynoic Acid—To a suspension of sodamide (5.9 gm.) in 
liquid ammonia (approximately 400 ml.) there was added oc- 
tyne-1 (16 gm.) over a period of 1 hour. The mixture was stirred 
for 1 hour and trimethylene chlorobromide (23.6 gm.) in petro- 
leum ether (b.p. 40-46°, (50 ml.)) was added slowly. The mix- 
ture was stirred under ammonia reflux for 4 hours and the am- 
monia was evaporated. Water (100 ml.) was added to the 
residue and the solution extracted with three 100 ml. portions of 
ether. The combined ethereal extracts were washed with three 
25 ml. portions of water and were dried over sodium sulfate. The 
ether was removed and the residue distilled, b.p. 94-122° at 12 
mm.; yield 6.2 gm. The material from two runs was combined 
and redistilled to give a fraction (8.2 gm.), b.p. 110—-120° at 9 
mm. which was refluxed for 90 hours with sodium cyanide (6.5 
gm.) in 95 per cent ethanol (150 ml.). The solution was cooled, 
filtered, and the bulk of the methanol was evaporated. A solu- 
tion of sodium hydroxide (5.2 gm.) in water (40 ml.) was added 
to the residue and the mixture was refluxed for 72 hours, cooled, 
and extracted with ether. The ether extract was discarded and 
the acid was isolated from the soap solution in the usual manner. 
The acid (3.1 gm.) was purified by low temperature fractional 
crystallization from petroleum ether; yield 2.35 gm., m.p. 20.2- 
22.4°. 

Ci2H 200 2 


Calculated: C 73.4, H 10.2, neutral equiv. 196.3 
Found: C 73.2, H 10.5, neutral equiv. 195.1 


7-Tetradecynoic Acid—To a solution of sodio-octyne-1 in liquid 
ammonia prepared as described above, there was added over a 
period of 1 hour a solution of pentamethylene chlorobromide 
(27.8 gm.) in petroleum ether (50 ml.) and the mixture was stirred 
under ammonia reflux for 4 hours. The ammonia was evapo- 
rated at room temperature, the brown residue was suspended in 
water (100 ml.), and the suspension extracted with three 100 ml. 
portions of ether. The ether extracts were washed with water, 
dried over sodium sulfate, and the ether was evaporated. Dis- 
tillation of the residue gave a main fraction (27.1 gm.) boiling at 
103-108° at 0.15 mm. which was refluxed under nitrogen for 94 
hours with sodium cyanide (19.1 gm.) in 95 per cent ethanol (382 
ml.). The suspension was filtered, the filter cake of sodium chlo- 
ride washed with several portions of 95 per cent ethanol, and the 
combined filtrates and washings were concentrated to a small 
volume in a vacuum. Sodium hydroxide (15.6 gm.) in water (80 
ml.) was added and the solution was refluxed for 168 hours. Af- 
ter filtration the ethanol was removed in a vacuum, water (100 
ml.) was added, and the mixture was extracted with three 100 
ml. portions of ether. The ethereal extracts were discarded, the 
aqueous solution was acidified to Congo red with 6 N sulfuric 
acid, and extracted with ether. The ether extracts were washed 
with water, dried over sodium sulfate, and evaporated. The acid 
was purified by low temperature fractional crystallization first 
from acetone at —10° and then from petroleum ether at —10°; 
yield 12.5 gm., m.p. 31.0-31.8°. 

2402 


Calculated: C 75.0, H 10.8, neutral equiv. 224.3 
Found: C 74.9, H 11.0, neutral equiv. 219.0 


Cis-8-Decenoic Acid—To a solution of 3-decynoic acid (3.10 
gm.) in ethanol (135 ml.) containing 20 per cent of pyridine vol- 
ume per volume (135 ml.) was added a 5 per cent palladium on 


charcoal catalyst (900 mg.) and the mixture was shaken in an 


atmosphere of hydrogen. An amount of hydrogen correspond- 
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ing to 1 equivalent was absorbed in 15 minutes, when the hydro- 
gen uptake became very slow. The hydrogenation was stopped 
at this point, the catalyst was removed by filtration, the metha- 
nol was evaporated, and the residue dissolved in ether (100 mi.). 
The ether solution was washed with three 25 ml. portions of 1 
hydrochloric acid, and with saturated sodium chloride; it was 
dried over sodium sulfate, and the ether was evaporated. The 
residue was dissolved in petroleum ether (b.p. 40—46°) (8.0 ml.) 
and the mixture was cooled at —25°. A small quantity of n- 
decanoic acid, m.p. 28.6-30.8° (mixed melting point with an au- 
thentic sample, 29.0-31.2°) was removed. The volume of the 
mother liquor was reduced to 4.0 ml. and the solution cooled at 
—70 to —80°. The resulting solid material was collected and 
recrystallized seven times from petroleum ether at —70 to —80°. 
The ensuing colorless material (1.1 gm.) melted at 1.4—4.0°. 


i802 
Calculated: C 70.5, H 10.7, neutral equiv. 170.2, iodine No. 149.1 
Found: C 70.3, H 10.9, neutral equiv. 171.0, iodine No. 139.0 


Cis-5-Dodecenoic Acid—The 5-dodecynoic acid (2.3 gm.) was 
hydrogenated in methanol containing pyridine in the manner 
described above and the resulting acid purified by low tempera- 
ture fractional crystallization from petroleum ether at —78°; 
yield 1.34 gm.; m.p. —41 to —38°. 

Ci2H 2202 


.2, neutral equiv. 198.3, iodine No. 128.0 


Calculated: C 72.7, H 11 
C 73.2, H 11.1, neutral equiv. 196.6, iodine No. 107.0 


Found: 


Cis-7-Tetradecenoic Acid—The 7-tetradecynoic acid (3.88 gm.) 
was hydrogenated in methanol containing pyridine in the man- 
ner described above and the resulting acid (3.8 gm.) purified by 
low temperature fractional crystallization at —15° first from pe- 
troleum ether and then from acetone. Solid material (274 mg.) 
m.p. 50.4-51.4° was obtained and identified as myristic acid by 
mixed melting point determination. The most highly purified 
liquid acid (2.03 gm.) melted at 4.0-5.0°. 

CisH 2602 


Calculated: C 74.3, H 11.6, neutral equiv. 226.3, iodine No. 112.2 
Found: C, 74.7, H 12.0, neutral equiv. 225.9, iodine No. 110.4 


Thunberg Studies—Weighed samples of the long chain fatty 
acids were dissolved in freshly distilled ethanol and equivalent 
proportions of standardized sodium hydroxide were added. The 
solutions were evaporated to dryness in a vacuum, the sodium 
salts dried to constant weight over phosphorus pentoxide, and 
stored at 4-8°. Thunberg tubes fitting the cuvette well of the 
Klett-Summerson photocolorimeter were employed. Each tube 
contained 0.7 ml. of 2.5 « 10-4 m methylene blue in 3 x 10-2? m 
phosphate buffer of the desired pH, 1 ml. of 1.25 = 10-4 m sub- 
strate solution, 0.5 ml. of a suspension of either whole cells or cell 
debris, and distilled water to give a final volume of 5.5 ml. Ex- 
tracts of the various organisms were prepared by boiling the cells 
(1 gm.) with water for 15 minutes. The suspensions were filtered 
and the filtrates diluted to 5 ml. with distilled water. When 
added, the final concentrations of the various cofactors per tube 
were as follows: boiled cell extracts, 0.5 ml.; the adenosine phos- 
phates, 1 X 10-* m; the pyridine nucleotides, 2 « 10-4 m; mag- 
nesium sulfate, 4 mM; potassium chloride, 5 10-? m; and 
coenzyme A, 2 X 10-4 m. Methylene blue decolorization was 
followed by reading the tubes at regular intervals in a Klett- 
Summerson photocolorimeter equipped with a 660 muy filter. 
Endogenous respiration was determined for each cell preparation 
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in the absence of substrate. The experiments with bacterial 
preparations were conducted at a pH of 6.5 to 7.5 and a tempera- 
ture of 35 + 0.5°. The rat liver studies were done at pH 8 and 
» 39 + 0.5°, essentially as described by Lang (17). 


MICROBIOLOGICAL PROCEDURES 


Stock Cultures—Lactobacillus arabinosus, ATCC 8014, strain 
17-5, and Lactobacillus casei ATCC 7469 were obtained from the 
American Type Culture Collection. Lactobacilus delbrueckii, 
ATCC 9649, strain Calvert, was a gift from Dr. Harry P. Bro- 
quist of the Lederle Laboratories Division of the American Cy- 
anamid Company. The lactobacilli were maintained as stab 
cultures in a yeast extract agar (1.2 per cent yeast extract, 1.0 
per cent glucose, 0.8 per cent sodium acetate, 2.0 per cent agar, 
pH6.8). Cultures were transferred weekly, incubated for 36 hours 
at 33-35°, and stored at 4-8°. The morphological and biochemi- 
cal characteristics of the bacteria agreed with those described by 
Breed et al. (18). These characteristics were checked at regular 
intervals throughout the course of this investigation to insure 
identity and purity of all cultures. 

Cultivation of Bacteria—For the Thunberg studies, L. arabino- 
sus, L. casei, and L. delbrueckit were grown in 5-l. flasks, essen- 
tially as described previously (19, 11, 3). For the Thunberg 
experiments the cells were suspended in 0.85 per cent sodium 
chloride, and the density of the suspension measured in a Klett- 
Summerson photocolorimeter equipped with a 440 my filter. 
Suspensions exhibiting a density of 350 on the Klett scale were 
employed. Both fresh and lyophilized cells were used for prepa- 
ration of ruptured cell suspensions. A 1:1 mixture of 80 and 200 
mesh powdered Pyrex glass (4 parts) and wet bacteria (1 part) 
was ground in a mortar for 15 minutes at 4-8°. The mixture 
was diluted with distilled water, the abrasive was removed by 
low speed centrifugation, and the cell debris decanted and diluted 
further to the desired optical density. Microscopic examination 
of the cell debris showed a high degree of cell rupture. The fol- 
lowing ‘additions (per liter of basal medium) were made to grow 
the various batches of cells for lipide analyses. JL. arabinosus, 
Culture I, 0.5 ug. of biotin plus 1.2 gm. of Tween 40; Culture IT, 
5 mug. of biotin plus 1.2 gm. of Tween 40 plus 55 mg. of lacto- 
bacillic acid. JL. casez, Culture I, 1 ug. of biotin plus 1.2 gm. of 
Tween 40; Culture IT, 45 mg. of lactobacillic acid plus 1.2 gm. 
of Tween 40. 

Growth and Inhiition Studies—These studies were performed 
in the media mentioned above, essentially in the manner de- 
scribed previously (8). The fatty acids were dissolved in 70 per 
cent aqueous ethanol, and suitable aliquots added to the culture 
tubes. Since it was observed that Tween 40 (a constituent of 
the L. delbrueckii medium) exerted a marked inhibitory effect 
on the growth promoting activity of some of the fatty acids, all 
assays were conducted both in the presence and absence of this 
material; when employed the concentration of the Tween was 
10 mg. per 10 ml. of medium. ‘Tubes were sterilized for 12 min- 
utes at 121°. The L. arabinosus and L. casei assays were incu- 
bated for 72 hours, the L. delbrueckii assays for 24 hours. All 
experiments were conducted at a temperature of 35°. Growth 
was determined turbidimetrically with a Klett-Summerson pho- 
tocolorimeter equipped with a 660 my filter. 

Analytical Procedures—The iodine numbers were determined 
according to the method of Hoffman and Green (20). The 
method of Hofmann et al. (3) was employed for isolation and 
determination of the fatty acids. 
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The effects of alterations in the composition of the culture me- | 
dium on the fatty acid spectrum of L. arabinosus and L. casei are | 


summarized in Table I. 

In Thunberg experiments suspensions of L. arabinosus, L. 
casei, and L. delbrueckii showed no dehydrogenase activity what- 
ever toward stearic, palmitic, lauric, and myristic acids under a 
variety of experimental conditions. These results were not al- 
tered when boiled cell extracts or cofactors were added to the in- 
cubation mixtures singly or in various combinations. Since the 
possibility existed that the fatty acids were incapable of pene- 
trating the cellular membranes a series of experiments were con- 
ducted with ruptured cell preparations. The results were like- 
wise negative. Under the same experimental conditions a rapid 


“dehydrogenation” of stearic acid by a rat liver extract (17) was | 


observed. 

That unsaturated fatty acids possessing a carbon chain shorter 
than that of cis-vaccenic acid have the ability to promote growth 
of lactic acid organisms is illustrated in Figs. 1 to 3. It is ap- 
parent that cis-vaccenic and palmitoleic acids exhibited approxi- 
mately equal growth-promoting activity for all three organisms. 
The cis-7-tetradecenoic acid was somewhat less effective than 
the Cys and C4s acids; cis-5-dodecenoic acid exhibited a low order 
of activity and cis-3-decenoic acid was inactive. The cis-7-tetra- 
decenoic and the cis-5-dodecenoic acids lost their growth-pro- 
moting activity for L. arabinosus when the bacteria used to inocu- 


late the assay tubes were subjected to extensive washing with 0.85 — 


per cent sodium chloride. Biotin (0.05 myg. per tube) restored 
the growth-promoting activity of the fatty acids. Biotin in the 
amount employed failed to stimulate significant growth in the 
absence of the fatty acids. 
with the other organisms, but more reliable fatty acid growth 
curves were obtained when their media were fortified with biotin 
(0.01 myg. per tube). 

The growth-promoting activity of palmitoleic, cis-vaccenic, 
and cis-7-tetradecenoic acids for L. caset and L. delbrueckit was 
markedly increased when Tween 40 was present in the medium. 
In the absence of the Tween these acids exhibited a low order of 
growth-promoting activity. With L. arabinosus the Tween in- 


TABLE 


Fatty acid composition of L. arabinosus and L. casei cells 
cultivated on various media 


* Composition of total fatty acidst 
| Total |— — 
Organism fatty 
acidst BE Cio Cus Cis | Cist | Cist 
| 
L. arabinosus | I 3.0 6.8) 0.3 | 3.4 1.5 |44.0) 6.6)27.7 
II 3.8 nil |trace |trace |trace |52.7) 4.9/39.3 
L. casei I 2.3 20.5) 1.0 | 0.5 | 6.3 |60.4| 6.5 12.8 
II 2.9 | nil |trace |trace | 8.4 |49.5) 5.2,41.2 


* See text for composition of culture media. 

+ All values are given as per cent. 

t The ‘‘dihydroxy”’ column is a measure of the cis-vaccenic acid 
content of the total fatty acids. 


total fatty acids. 
calculated (for details see (3)). 


This phenomenon was not observed | 


The Cig column represents the 
microbiologically determined lactobacillic acid content of the : 
The stearic acid content (Cis column) was — 


} 
| 
Vi 
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creased the stimulatory activity of palmitoleic and cis-vaccenic 300 
—_ acids, but surprisingly suppressed completely the growth-pro- i 
ase | moting effects of cis-7-tetradecenoic acid. The growth effects of 
¢ts-5-dodecenoic acid were markedly inhibited by Tween 40 and 250}- 
L. | saturated fatty acids. Maximal growth inhibition for L. del- 
sat. brueckit was observed with a Tween concentration of 1 mg. per 200- 
-* tube. The inhibitory effects of stearic, palmitic, lauric, and 
al. _—smyristic acids are illustrated in Fig. 4. Myristic acid was the 
ne most active material; 0.22 umole inhibiting growth due to 0.51 150 
the | pmole of cis-5-dodecenoic acid; 5 to 10 times this quantity of 
ne. _—soMyristic acid was necessary to overcome the effects of biotin 100 
on. _at half-maximal growth levels. We have also tested the follow- ¥ 
—_ ing acids for growth-promoting activity: 11-octadecynoic, 7-tet- 
pid radecynoic, 5-dodecynoic, 3-decynoic, cis-3,4-methylenedeca- 50K 
wen | noic, viny] acetic, crotonic, isocrotonic, fumaric, and maleic acids. 
| All these compounds were inactive. | 
rter O O.l Gz Ge 
wth | Fig. 3. Fatty acid growth curves for L. delbrueckii. Abscissa, 
ap- umoles of fatty acid per tube. Ordinate, Klett readings. 
aks 250 O——O, cis-vaccenic acid plus Tween 40; O——@, palmitoleic 
ee acid plus Tween 40; O——O, cis-7-tetradecenoic acid plus Tween 
40; @—_, cis-7-tetradecenoic acid; A——A, cis-5-dodecenoic 
han 200 acid. 
tra- 
ro- 
120] 
the 
= 50 sot 
1 = 
oar o2 03 04 
nic, Fic. 1. Fatty acid growth curves for L. arabinosus. Abscissa, 
wae umoles of fatty acid per tube. Ordinate, Klett readings. 
O——O, cis-vaccenic acid plus Tween 40; @——@, cis-vaccenic 
um. acid; O——©, palmitoleic acid plus Tween 40; O——DO, cis-7- a si 
r of tetradecenoic acid; A——A, cis-5-dodecenoic acid. 
in- © oO 
300, | | 
O 25 50 75 lOO 
Fic. 4. Inhibition of L. delbrueckii growth due to cis-5-dodec- 
250 enoic acid. Abscissa, ug. of saturated fatty acid per tube. Or- 
dinate, Klett readings. Kach tube contained 0.51 umole of cis-5- 
— dodecenoic acid. O——D, Stearic acid; @——-@, palmitic acid; 
A—A, laurie acid; O——O, myristic acid. 
200 
Cut DISCUSSION 
ISO 
— Evidence for a close metabolic relation between cis-vaccenic 
27.7 and lactobacillic acid stems from experiments with L. delbrueckii 
39.3 100 (3). When grown on lactobacillic acid the lipides of this organ- 
ism were devoid of cis-vaccenic acid, and the lactobacillic acid 
12.8 content of the cells was consistently higher when cis-vaccenic 
ie 90 acid replaced biotin in the medium. The present extension of 
ea these experiments to L. arabinosus and L. casei substantiates the 
L |__J previous findings. Cis-vaccenic acid could not be detected in 
acid 0 0.1 O.2 03 O04 OS O06 the lipides of these organisms when they were grown on lacto- 
s the Fig. 2. Fatty acid growth curves for L. caset. Abscissa,umoles  hagillic acid. The cis-vaccenic acid content (expressed in terms 
the of the corresponding dihydroxy acids) of biotin grown control 
Ww’ Tween 40; O-——O, cis-7-tetradecenoic acid plus Tween 40; Cells was 6.8 per cent for L. arabinosus and 20.5 per cent for L. 


@—_, cis-7-tetradecenoic acid; A——A, cis-5-dodecenoic acid. 


caset. The amount of growth of the lactobacillic acid grown cells 


fe 
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was equivalent to that of the controls. This experimental evi- 
dence seems to justify the conclusion that lactobacillic acid can 
substitute fully for czs-vaccenic acid in the metabolism of all 
three organisms. 

Since cis-vaccenic and lactobacillic acid are important constitu- 
ents of the lipides of these organisms and since they seem to be 
linked metabolically, we have explored, in a preliminary manner, 
possible biosynthetic routes to cis-vaccenic acid. As a point of 
departure it was assumed that the biosynthesis of unsaturated 
fatty acids by bacteria may take place either through desatura- 
tion of saturated long chain fatty acids or may involve elonga- 
tion of the carbon chain of an already unsaturated (or potentially 
unsaturated) precursor. The ability to desaturate stearic acid 
with formation of oleic acid has been demonstrated in mamma- 
lian liver (17, 21-26), but information pertaining to the ability 
of lactic acid organisms to bring about a similar conversion is 
lacking. 

Several reports dealing with the desaturation of long chain 
fatty acids by bacteria are available. Thus, Rosenfeld (27) 
showed that sulfur-reducing anaerobes of the genus Desulfovibrio 
were able to desaturate a series of saturated fatty acids ranging 
from butyric to stearic acids, and Mull and Nord (28) observed 
that certain Fusaria could effect the desaturation of stearic acid. 
Dehydrogenation of both stearic and oleic acids by various strains 
of bacteria have been reported by Mazza (29). As far as we were 
able to ascertain none of these investigators have characterized 
chemically the oleic, or other unsaturated fatty acids, which were 
presumably formed. 

Our own findings tend to eliminate saturated fatty acid de- 
hydrogenation as a significant pathway to cis-vaccenic acid in 
the lactic acid organisms studied. This conclusion receives sup- 
port from the observation that unsaturated, but not saturated 
fatty acids, exert a biotin sparing effect with these bacteria. As- 
suming equal ability to penetrate the cell wall one would expect 
biological activity in both types of fatty acid were the organisms 
capable of effecting their interconversion. The ability of the 
organisms to convert cis-vaccenic acid into stearic acid remains 
to be established. 

In their studies on the biotin sparing effects of oleic acid Bro- 
quist and Snell (30) made the interesting observation that the 
growth-promoting activity of this acid for L. arabinosus was de- 
pendent upon the presence of trace amounts of biotin. Several 
other lactic acid organisms did not show such a behavior. In 
agreement with these investigators, we observed a requirement 
for biotin in L. arabinosus which was not satisfied by cis-7-tetra- 
decenoic and cis-5-dodecenoic acids. With L. casei and L. del- 
brueckiit such a requirement could not be demonstrated. 

The growth studies with a series of unsaturated fatty acids dif- 
fering from cis-vaccenic acid by successive two carbon fragments 
(Figs. 1 to 3) contribute to the understanding of the relation be- 
tween structure and biotin-sparing activity of unsaturated fatty 
acids. The data justify the conclusion that with the organisms 
studied a chain of 12 carbon atoms is the limiting structure. A 
chain of more than 10 carbons also seems to be necessary to en- 
dow the related cyclopropane fatty acids with growth-promoting 
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activity since cis-3 ,4-methylenedecanoic acid was inactive. Our 
previous demonstration of the inactivity of trans-2 ,3-methylene- 
nonanoic and of trans-2,3-methyleneundecanoic acids (8) sup- 
port this concept. The double bond is of key importance for 
biological activity since the acetylenic acids (intermediates in the 
chemical synthesis of the olefinic acids) were inactive. 

With the use of Corynebacterium “Q’”’ as the test organism 
Boughton and Pollock (31) have evaluated the growth-promoting 
ability of a series of unsaturated fatty acids. Palmitoleic acid 
was the shortest compound possessing biological activity ; cis- and 
trans-9-undecenoic, -10-undecenoic, and -10-tetradecenoic acids 
were inactive. The results obtained by these investigators and 
the data presented in this study point to a correlation between 
the chain length of unsaturated fatty acids and their ability to 
promote microbial growth. The mechanism of the enhancement 
of growth by Tween 40 is still obscure, but the inhibitory effects 
seem to be attributable to the presence of small proportions of 
free palmitic acid, which is highly inhibitory (Fig. 4). The find- 
ing that myristic acid is the most potent antagonist of a series of 
saturated fatty acids agrees with previous reports (32). 

The observation that fatty acids of shorter chain length than 
cis-vaccenic acid are endowed with biotin-sparing activity may 
be the result of their functioning as cis-vaccenic acid precursors 
or may be a reflection of their ability to substitute for cis-vaccenic 
acid metabolically. Further studies, with the use of labeled fatty 
acids, may aid in clarification of this point. 


SUMMARY 
Cells of Lactobacillus arabinosus and Lactobacillus casei failed 


to produce measurable amounts of cis-vaccenic acid when lacto- 
bacillic acid replaced biotin in their culture medium. Attempts 
to demonstrate the presence of “fatty acid dehydrogenase”’ ac- 
tivity in three lactic acid organisms were unsuccessful. A num- 
ber of unsaturated cis-fatty acids differing from cis-vaccenic acid 
by successive elimination of two carbon units from the carboxyl 
end exhibited biotin-sparing activity for L. arabinosus, L. caset, 
and Lactobacillus delbrueckii. The 12 carbon acid cis-5-dodece- 
noic acid was the shortest biologically active acid in this series. 
Tween 40 increased markedly the growth-promoting activity of 
cis-vaccenic and palmitoleic acids for all the organisms. This 
Tween enhanced the biological activity of cis-7-tetradecenoic acid 
with two of the bacteria but inhibited its growth effect for L. 
arabinosus. The growth-promoting activity of cis-7-tetradece- 
noic and cis-5-dodecenoic acids for this organism was dependent 
on the presence in the medium of trace quantities of biotin. It 
was concluded that (a) saturated fatty acid dehydrogenation is 
not a likely route to cis-vaccenic acid in these lactic acid organ- 
isms, (6) that lactobacillic acid is capable of substituting metabol- 
ically for cis-vaccenic acid, (c) that a chain length of 12 carbon 
atoms is required to endow a fatty acid possessing structure 
(Scheme 1) with biotin-sparing activity, and (d) that the short 
chain fatty acids exert their biotin-sparing effects either by serv- 
ing as cis-vaccenic acid precursors or by possessing the ability to 
substitute metabolically for this compound. 
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The enzyme system in placental homogenates which is stimu- 
lated in vitro by estradiol-178 has been described by several in- 
vestigators (1-5). <A definition of the exact properties of this 
system has not been feasible because it has not been isolated. 
However, it has been possible to describe several attributes of 
this system. Talalay et al. (4, 5) have proposed a mechanism 
which involves coupling between a TPNH-generating system 
such as isocitric dehydrogenase-TPN and a steroid sensitive trans- 
hydrogenase which transfers hydrogen from a catalytic amount 
of TPNH to DPN. These workers suggest that the transhydro- 
genation may be effected by the 176-hydroxysteroid dehydro- 
genase of placenta which will react with both DPN and TPN. 
The present report consists of studies on the role of TPN in this 
system and a comparison between certain properties of the estra- 
diol sensitive placental enzyme system and the 178-hydroxy- 
steroid dehydrogenase described by Langer and Engel (6, 7). 


EXPERIMENTAL 


The preparation of the enzyme system and the assay for the 
estradiol effect on the a-ketoglutarate production from isocitrate 
has already been described (8). In order to measure the rate of 
the 178-hydroxysteroid dehydrogenase at a steroid concentration 
of 3 x 10-® M, it was necessary to employ fluorimetric or radio- 
active techniques. 

The fluorimetric determination of 176-hydroxysteroid dehydro- 
genase activity at low steroid concentrations was accomplished 
with the Aminco-Bowman spectrofluorometer with 340 my and 
450 my for the exciting and emission wave lengths for reduced 
nucleotide. Initial rates were determined after initiating the 
reaction by the addition of enzyme and were proportional to the 
amount of protein in the range studied. 

Dialyzed enzyme refers to 20 per cent placental homogenate 
in 0.25 M sucrose which was dialysed against 40 volumes of 0.25 
M sucrose containing 0.001 m phosphate buffer, pH 7.0. The 
external dialyzing fluid was replaced twice by a similar volume 
of liquid during the dialysis which was carried out at 2° with 
agitation by means of a magnetic stirrer for 18 hours. Evidence 
will be presented that this well dialyzed preparation apparently 
contains residual TPN. Purified enzyme refers to the prepara- 
tion obtained by adding an equal volume of saturated ammonium 
sulfate solution to the dialyzed enzyme. The precipitate was 
dissolved in one-half volume of water and dialyzed for 4 hours. 
Both the dialyzed and purified enzymes were stored at —20° and 
were stable under these conditions for a period of at least 2 weeks. 


* This investigation was supported by the United States Public 
Health Service, Grant CY-3225-Cl. 
t United States Public Health Postgraduate Fellow. 
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The purified enzyme showed a requirement for TPN as described 
by Talalay and Williams-Ashman (4). 

Estrone-16-C™ or estradiol-178-16-C™ were incubated with an 
appropriate substrate mixture and the reaction stopped by the 
addition of 10 volumes of ethanol. Estradiol-176 and estrone, 
0.3 mg. each, were added as carriers and the concentrated super- 
natant subjected to paper chromatography in the o-dichloro- 
benzene-formamide system. The estradiol-178 and _ estrone 
spots were eluted and the radioactivity determined by counting in 
a flow gas counter. The steroids were estimated by a modifica- 
tion of the colorimetric procedure of Lieberman et al. (9). Each 
of the radioactive indicators was free of the other as determined 
by this chromatographic technique. 

For the detection of trace amounts of TPN, the conversion of 
C-labeled citrate to ketoglutarate by isocitric dehydrogenase- 
TPN was utilized. The reaction mixture consisted of Na citrate- 
1,6-C™, 0.001 m; Versene (ethylenediaminetetraacetate), 0.001 
M; phosphate buffer, pH 6.8, 0.006 m; MgCl., 0.006 m; and 0.3 
ml. of enzyme as indicated, in a total volume of 1.0 ml. The 
reaction was stopped with 0.25 ml. of 20 per cent metaphos- 
phoric acid. A 1.0 ml. aliquot of the deproteinized reaction 
mixture was treated with 1.0 ml. of 0.2 per cent 4-nitro-o-phen- 
ylenediamine solution in 1 N HCl in order to convert the a-ke- 
toglutarate to the corresponding nitroquinoxalinol (10). After 
standing overnight at room temperature, 200 ug. of nonradio- 
active a-ketoglutaric acid nitroquinoxalinol were added. The 
derivative was extracted twice with half volumes of ethyl 
acetate and the latter washed with water. The nitroquinox- 
alinol was extracted into a small volume of 5 per cent Na,CO; 
and washed twice with half volumes of ether. The carbonate 
solution was then acidified to pH 4 with dilute HCl and re- 
extracted with two half volumes of ethyl acetate. After two 
washes with half volumes of water the solvent was evaporated. 
The product was chromatographed twice on Whatman No. 4 
paper in ethanol-pentanol-ammonia. After elution with meth- 
anol, the nitroquinoxalinol recovered was determined spectro- 
photometrically at 280 my and the associated radioactivity esti- 
mated in a flow gas counter. The specific activity of the citric 
acid was measured by plating appropriate aliquots. 


DPN, DPNH, TPN, and TPNH were purchased from Sigma 
Chemical Company. The dl-isocitric acid was obtained from — 


the Fluka Chemical Works in Switzerland. Estradiol-176- 
16-C™ and estrone-16-C™ were purchased from C. Frosst and 
Company, Montreal. 


Schwarz Laboratories. 


Citric acid-1,6-C' was obtained from 
Tracerlab. 2’-AMP and 5/-AMP were purchased from the © 
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RESULTS 


A comparison of placental transhydrogenase and 178-hydroxy- 
steroid dehydrogenase systems revealed several points of simi- 
larity, and up to now no specific properties which would enable 
one to separate the two systems. 

Figs. 1 and 2 show the pH optimum of the 178-hydroxysteroid 


u mote NUCLEOTIDE/MIN. X 104 


64 68 84 88 


PH 


Fic. 1. The pH curves in Tris and phosphate buffers of the ini- 
tial 178-hydroxysteroid dehydrogenase activity of purified pla- 
cental enzyme-TPN. The reaction mixture contained MgCl:, 
0.006 m; buffer, 0.006 m; Versene, 0.001 mM; steroid, 3 X 10-* m; 
TPN, 3 X 10-* m; or TPNH, 2 X 10-* m, in a tota vollume of 1.0 
ml. The estradiol reaction was started by the addition of 0.05 
ml. of purified enzyme, the estrone reaction with 0.1 ml. of purified 
enzyme. A——A, TPN + E2— TPNH + E; phosphate buffer; 
oO——O,TPN + E:— TPNH + Tris buffer; A——A, TPNH + 
E, ~ TPN + Ez phosphate buffer; g——g, TPNH + Ei — TPN 
+ EK, Tris buffer. 
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_ Fic. 2. The pH curves in Tris and phosphate buffers of the ini- 
tial 178 hydroxysteroid dehydrogenase activity of purified pla- 
cental enzyme-DPN. The ordinate shows umoles of nucleotide 
oxidized or reduced per minute. The reaction mixture contained 
MgCl>, 0.006 mM; buffer, 0.006 m; Versene, 0.001 steroid, 3 X 
M; DPN, 3 X 10-4 m or DPNH, 2 X 10-* ina total volume of 1.0 
ml. The estradiol reaction was started by the addition of 0.05 
ml. of purified enzyme; the estrone reaction with 0.1 ml. of purified 
enzyme. A——A, DPN + E:— DPNH + EK, phosphate buffer; 
O——O, DPN + E:— DPNH + E,, Tris buffer; A——A, DPNH 
+ DPN + E2, phosphate buffer; DPNH + 


DPN + Ez, Tris buffer. 
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Fic. 3. The pH curves in Tris and phosphate buffers for trans 
hydrogenase with and without TPN. The reaction mixture con- 
sisted of dl-Na isocitrate, 0.002 m; MgCle, 0.006 m; buffer, 0.006 m; 
Versene, 0.001 m; DPN, 0.0003 m; and 0.30 ml. of dialyzed enzyme 
containing 1.0 mg. of protein, in a total volume of 1.0 ml. Es- 
tradiol-178 when present was 0.003 mm. Incubation } hour 30°. 
A——A, no TPN, phosphate buffer; A——A, TPN, phosphate 
buffer; 0——O, no TPN, Tris buffer; g——g, TPN, Tris buffer. 
TPN when present was 0.003 mm. 


dehydrogenase system with Tris! and phosphate buffers and the 
same low concentrations of steroid used in the transhydrogenase 
study. The pH maximum is 6.8 for the oxidation of estradiol 
in phosphate buffer with DPN and TPN. This pH also is 
optimal for the transhydrogenation reaction in phosphate buffer 
with dialyzed enzyme as shown by Fig. 3. Far less activity was 
noted in the presence than in the absence of added TPN. This 
inhibition is discussed further below. The oxidation of estradiol 
by DPN in Tris buffer shows a more rapid rate at pH 6.4 and 
7.8. The latter pH is the optimum for the transhydrogenation 
reaction in Tris buffer. From pH 7.8 to 8.6 there is a flat de- 
hydrogenation curve in Tris buffer which differs from the sharper 
curve for transhydrogenation. The decrease in the rate of trans- 
hydrogenation at values above pH 7.8 may be due to the fact 
that almost all of the steroid exists as estrone. Both reactions 
show an increase in the optimum pH on going from phosphate 
to Tris buffer. Langer and Engel (7) found a pH optimum at 
10.0 with higher concentrations of steroid. We did not explore 
this region since transhydrogenation does not occur there. The 
similarity of the stability behavior of the two systems toward 
changes in pH is well shown in Fig. 4. The acid sensitivity is 
not due to destruction of TPNH in the enzyme system since 
addition of catalytic amounts of TPN to the system after read- 
justment to pH 6.8 does not restore catalytic activity. 


Presence of TPN in Dialyzed Placental Homogenate 


The ammonium sulfate fractionated enzyme requires a cata- 
lytic amount of TPN before the estradiol potentiation becomes 
evident while the well dialyzed placental extract does not require 
TPN. This observation may be explained by the presence of 
bound nondialyzable TPN in the dialyzed extract or the existence 
of a high molecular weight substance which can replace TPN. 
Table I shows that 0.3 ml. of dialyzed placental homogenate 


1 The abbreviations are used: Tris, tris(hydroxymethyl)amino- 
methane; FE), estrone; Es, estradiol. 
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Fic. 4. The pH stability of dialyzed enzyme measuring trans- 
hydrogenase and 178-hydroxysteroid dehydrogenase activity. 20 
ml. of dialyzed placental enzyme were adjusted by the addition 
of dilute acid or base and made to a final volume of 25 ml. The 
samples were allowed to stand for 14 hours at 3°. They were then 
brought back to pH 6.8 and assayed for transhydrogenase activity 
by the ketoglutarate procedure and for 178-hydroxysteroid dehy- 
drogenase activity by the fluorimetric procedure with 3.7 X 10-6 
mM estradiol. These results are derived from the average of two 
experiments. A——A, 178-hydroxysteroid dehydrogenase; 
O——D, transhydrogenase. 


TaBLeE I 
Isocitric dehydrogenase-TPN activity of dialyzed enzyme 
with no added nucleotide 
Enzyme when present was 0.30 ml., MgCl2 when present was 
0.006 m. Reaction mixture was phosphate buffer, pH 6.8, 0.006 
M; citric acid-1,6-C**, 0.001 m; Versene, 0.001 m, in a total volume 
of 1.0 ml. 


pmole 
Enzyme, no Mg**, no nucleotide...................... 0.0029 
Enzyme, Mg**t, no nucleotide......................... 0.0039 
Enzyme, Mg**, + 0.0012 umole TPN.................. 0.0052 
Enzyme, Mg**, + 0.0024 umole TPN.................. 0.0061 
Enzyme, Mg**t, + 0.002 ymole DPN................... 0.0010 
Enzyme, Mg**, + 0.004 ymole DPN................... 0.0011 
50% ammonium sulfate fraction + Mg**, no nucleotide. .| 0.0000 
50% ammonium sulfate fraction + Mg** + 0.002 umole 


converted about 0.004 umole of citrate-1,6-C“ to a-ketoglu- 
tarate in the absence of added nucleotide. Further addition of 
TPN increased the production of a-ketoglutarate in the expected 
manner. In spite of dialysis, the placental homogenate con- 
tained coenzyme which is easily detected by this sensitive tech- 
nique. The enzymatic system does not reduce added DPN in 
the absence of estradiol but does quantitatively reduce added 
TPN. For this reason the trace coenzyme was tentatively iden- 
tified as TPN. Fractionation with ammonium sulfate effec- 
tively removed any trace of coenzyme detectable by this proce- 
dure. 

The presence of reduced and oxidized nucleotide in well di- 
alyzed placental homogenate can also be demonstrated by the 
ability of such a preparation to react with radioactive estrone 


Estrogen-sensitive Enzyme System 


and estradiol in the absence of added nucleotide. 
in Fig. 5. 

In contrast, Fig. 6, shows that purified enzyme gives rise to no 
measurable steroid interconversion in the absence of TPNH, 
that addition of 0.010 zmole of TPNH shows estradiol formatica | 
limited by the 0.007 umole of steroid present, and a larger amount _ 
of TPNH added to dialyzed enzyme showed a rapid reaction 
equal to that in a purified preparation. | 


Determination of Initial Reaction Rate | 


The spectrofluorimetric method lends itself to the study of the 
early phases of enzyme reactions producing reduced nucleotides 
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Fic. 5. 178-Hydroxysteroid dehydrogenase activity of dialyzed 
enzyme in the absence of added nucleotide. The incubation 
mixture consisted of 0.3 ml. of enzyme, phosphate buffer pH 6.8, 
@—@, 0.005 umole of estrone-16-C", X—— x, 0.005 umole of | 


estradiol-16-C™, The final volume was 1.0 ml. 
0.010 TPNH 
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Fia. 6. 176-Hydroxysteroid dehydrogenase activity of purified 
enzyme with varying amounts of TPNH. The incubation mix- 
ture consisted of phosphate buffer, pH 6.8, 0.006 m; estrone-16-C", 
0.007 umole ; Versene, 0.001 m; TPNH as indicated; and 0.3 ml. of 
enzyme in a total volume of 1.0 ml. Purified enzyme was used 
except for X----- X where dialyzed enzyme was used. Incubation 
was at room temperature. 
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because of the extreme sensitivity. Talalay and Williams-Ash- 
man (4) showed that the initial rates of transhydrogenation and 
178-hydroxysteroid dehydrogenation were similar by spectro- 
photometric measurement. They were forced to use substrate 
quantities of steroid for dehydrogenase measurement and to 
compare this rate with the transhydrogenation rate obtained 
with catalytic quantities of steroid. Fig. 7 shows that it is pos- 
sible to measure the progress of both reactions by means of direct 
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Fic. 7. Initial rates in dialyzed enzyme of 178-hydroxysteroid 
dehydrogenase and transhydrogenase activity measured fluori- 
metrically. The reaction mixture for the 178-hydroxysteroid de- 
hydrogenase system contained MgCl:, 0.006 m; Versene, 0.001 m; 
phosphate buffer, pH 6.8, 0.006 m; 0.3 umoles of DPN and estradiol, 
3X 10-* m in a total volume of 1.0 ml. The reaction was started 
by the addition of 0.2 ml. of dialyzed placental enzyme. The reac- 
tion mixture for the transhydrogenase system is identical with the 
above, with the addition of 0.002 m dl-isocitrate. The reaction 
was followed by direct fluorimetry. A——A, 178-Hydroxysteroid 
dehydrogenase system; A——A, transhydrogenase system. 
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fluorimetry with only 2.7 x 10-* m steroid. The initial rates of 
the two reactions are quite similar under these conditions. Only 
the first 4 minutes are shown in the figure but the transhydro- 
genation reaction continued in linear fashion for 30 minutes. 
Fig. 8 shows that TPNH and TPN inhibit the 178-hydroxy- 
steroid dehydrogenase reaction with the concentration of re- 
actants used in the transhydrogenase system. In order to meas- 
ure dehydrogenase at this low steroid concentration, radioactive 
estradiol was employed. 


Effect of 2'-AMP 


Table II illustrates the effect of 2’-AMP on the estradiol sen- 
sitive enzyme system and isocitric dehydrogenase TPN. The 
standard assay system at pH 6.8 with phosphate buffer was used. 
There is very strong inhibition of the estradiol effect on ketoglu- 
tarate production by 2’-adenylic acid. This inhibition is not 
reversed by 0.01 mm TPN. The inhibition of the estradiol effect 
produced by as little as 0.001 mm additional TPN in dialyzed 
enzyme is well shown. Under the conditions employed there 
was little inhibition of isocitric dehydrogenase-TPN by 2’-AMP 
although significant inhibition of this system can be demon- 
strated under different conditions (11). 

Table III shows the effect of 2’-AMP on the 178-hydroxy- 
steroid dehydrogenase. The dehydrogenation of estradiol by 
DPN is almost completely inhibited by 0.1 mm 2’-AMP. The 
reduction of estrone by DPNH is not affected by the inhibitor. 
The dehydrogenation of estradiol by TPN is not affected at pH 
6.8 but is markedly enhanced at pH 8.2. At the higher pH no 
transhydrogenation reaction can be measured so that the effect 
of 2’-AMP cannot be evaluated on this reaction. The reduc- 
tion of estrone by TPNH is moderately inhibited. 


Role of Steroid in Transhydrogenation 


The role of estradiol dehydrogenation in setting the pace for 
the transhydrogenation reaction is illustrated in Fig. 9. Estra- 
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Fic. 8. Inhibition of 178-hydroxysteroid dehydrogenase reaction by TPN in purified enzyme. The incubation mixture con- 
sisted of pH 6.8 phosphate buffer, 0.006 m; MgClz, 0.006 m; Versene, 0.001 m; DPN, 0.0003 ; estradiol-16-C'*, 5 X 10-® m; and purified 
enzyme in a volume of 1 ml. at room temperature. @——@, no TPN; O——O, 2 X 10-*m TPN or TPNH. 
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TABLE II 


Inhibition of transhydrogenase and isocitric dehydrogenase-TPN 
by 2’-adenylic acid in dialyzed enzyme 

The reaction mixture contained dl-Na isocitrate, 0.002 mM; 
MgCl, 0.006 m; buffer, 0.006 m; Versene, 0.001 m; DPN, 0.0003 m; 
estradiol-178, 0.003 mm; and 0.30 ml. of enzyme containing 0.3 mg. 
of protein in a total volume of 1.0 ml., and was incubated for 1 
hour at 35°. The estimation of isocitric dehydrogenase-TPN was 
done in the same system but in the absence of estradiol and DPN 
and with 0.24m TPN. The placental enzyme was diluted 10-fold 
and the incubation time was 15 minutes at 35° for the isocitric 
dehydrogenase-TPN. 


a-Ketoglutarate 
Due to isocitric 
Due to estradiol-DPN dehydroge- 
2’AMP nase-TPN 
TPN concentrations 
0 0.001 mM 0.01 mm 0.02 mM 
mM pmole/hr pmole/hr pmole/hr. pmole/hr. 
0 0.143 0.073 0.050 0.182 
0.05 0.149 0.074 0.041 0.185 
0.10 0.037 0.038 0.032 0.183 
1.00 0.005 0.006 0.009 0.180 
5.00 0.002 0.002 0.001 0.185 
10.00 0.184 
TaBLeE III 


Effect of 2'-AMP on 178-hydrozysteroid dehydrogenase 
activity of purified placental enzyme 

The reaction mixture contained MgCl:, 0.006 m; phosphate 
buffer, 0.006 m; Versene, 0.001 m; steroid and nucleotide concen- 
trations as indicated; 0.050 ml. of purified placental enzyme for 
the estradiol oxidation reaction, and 0.10 ml. of purified placental 
enzyme for the estrone reduction reaction. The reaction rate was 
determined fluorimetrically. 


Nucleotide X 104 
per minute 
Steroid Nucleotide pH 
With 
Without 
2/-AMP 
2.7X pmoles | pmoles 
Estradiol....... DPN, 3 X 10°*m 6.8 | 3.8 | 0.5 
8.2 | 2.0 | 0.6 
Estrone........ DPNH, 2 X 10°§' 6.8 1.6 1.5 
8.2 | 0.83 | 0.85 
Estradiol....... TPN, 3 X 10°* 6.8 | 6.2 | 6.5 
7.4 | 3.1 | 3.1 
8.2 12.7 | 6.2 
S23 
Fr TPNH, 2 X 10°§'m 6.8 | 5.0 | 3.8 
8.2 12.8 | 2.2 


* Reaction mixture same as above but with only 0.00024 m 
2’-AMP added. 


Estrogen-sensitive Enzyme System 
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diol and estrone are both known to be active in transhydrogen- 
ation. If these substances acted as catalysts for transhydro- 
genation without obligatory interconversion, no induction period 
should be observed with either steroid. However, if estrone 
had first to be converted to estradiol before transhydrogena- 


tion to DPNH could occur, an induction period should be ob- — 


served. It is difficult to observe the induction period by the 
ordinary spectrophotometric method but it is well illustrated by 
the fluorimetric measurement. 

It would appear from Fig. 7 that the oxidation of estradiol by 
DPN is rate limiting. The oxidation of isocitrate by TPN is 
virtually instantaneous under the conditions of the experiment. 
The reduction of estrone by TPNH under the conditions of the 
transhydrogenase system is faster than reduction of DPN by 
estradiol. This is illustrated in Fig. 10. 


A study of the simultaneous steroid and nucleotide changes in | 


the transhydrogenation mixture is shown in Fig. 11. The 


steroid interconversion in the reaction mixture achieves a steady | 


state in about 30 minutes with about 75 per cent of the estrogen 
present as estrone. The initial rate of DPNH accumulation 
exceeds the measured estrone accumulation rate by a factor of 
three indicating that if the steroid is involved in direct trans- 
hydrogenation the reduction of formed estrone is going on at a 
rapid rate and the kinetic situation is quite complicated. It is 
difficult to see why estrone accumulated in the reaction mixture 


DPNH X |04 


(MINUTES 


Fig. 9. Lag in estrone-potentiated transhydrogenation. 


The 


incubation mixture consisted of phosphate buffer, pH 6.8, 0.006 — 
M; dl-isocitrate, 0.002 m; Versene, 0.001 m; steroid, 2.7 X 10-° M; | 
DPN, 0.0003 m; dialyzed placental enzyme, 0.2 ml. in a total vol- | 


ume of 1.0 ml. 


A—A, Estradiol-178; @——@, estrone. 


The reaction was followed in the Aminco Bowman — 
spectrophotofluorometer, excitation 340 my, fluorescence 450 mg. _ 
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Fic. 10. Initial rates of 178-hydroxysteroid dehydrogenase action on estrone and estradiol. 


The reaction mixture contained 


MgCl., 0.006 m; Versene, 0.001 M; phosphate buffer, pH 6.8, 0.006 mM; the estrone reaction contained DPN, 3 X 10-4 mM; TPNH, 4 X 
10-* m; and 2.7 X 10-6 M estrone; the estradiol reaction contained 3 X 10-4 m DPN and 2.72 X 10-* m estradiol; in a total of 1 ml. 


The reaction was started by the addition of 0.2 ml. of dialyzed enzyme. 
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Fic. 11. Simultaneous steroid and nucleotide changes. A. Sys- 
tem contains in 1 ml: 0.3 ml. of purified enzyme, 1 umole of iso- 
citrate, 0.3 umole of DPN, 0.002 umole of TPNH. @——@ 0.0037 
umole of estradiol-16-C'4, X——X 0.0037 umole of estrone-16-C™. 
B. System identical with above, determining optical density at 
340 mu against a cuvette without steroid. 


when the formation of this steroid appears to be the limiting 
rate. This observation implies that a rate process favors one 
direction and equilibrium another. Such a complicated kinetic 
and equilibrium situation exists in the formation of semicar- 
bazones (12). The induction period with estrone is shown again 
in Fig. 11. This particular reaction mixture showed little trans- 
hydrogenation for 10 minutes although some estradiol had been 
formed in this time. 


DISCUSSION 


“The similarity between the pH optima in phosphate buffer, 
pH stability, behavior toward 2’-AMP or excess TPN, and 
initial rates of the 178-hydroxysteroid dehydrogenase and trans- 
hydrogenase reactions are all consistent with the hypothesis of 
Talalay and Williams-Ashman (4), that transhydrogenation can 
be explained by the direct interconversion of estrone and estra- 
diol. Several observations indicate that the mechanism of trans- 
hydrogenation may be somewhat more complex. The pH 
optima in Tris buffer show some discrepancy between the two 
reactions. The modest but significant stimulation of the pla- 
cental system with ethinyl estradiol-178 observed by Villee and 
Gordon (3) and in our laboratory (8) is difficult to reconcile with 


A——A, TPNH + E:; A——A, DPN + E2. 


this simple hypothesis since this substance cannot be a substrate 
for the 178-hydroxysteroid dehydrogenase. However, the spec- 
ificity of the 178-hydroxysteroid dehydrogenase (7) and that 
of the transhydrogenase (8) shows no clear cut qualitative dis- 
crepancy. 

The inhibition of the transhydrogenation and 17@-hydroxy- 
steroid dehydrogenation systems by TPN is consistent with the 
slower dehydrogenation of estradiol by TPN than by DPN and 
the lower K,, of this nucleotide revealed by its activity at cat- 
alytic concentrations. Bacterial transhydrogenase is also in- 
hibited by TPN but the inhibition in this system depends upon 
the presence of phosphate (13). The inhibition of bacterial 
transhydrogenase by TPN is reversed by 2’-AMP. This nucleo- 
tide was thought by Kaplan et al. (13) to have two different effects 
on the bacterial transhydrogenase system, antagonism to TPN 
inhibition, and activation. However, 2’-AMP completely in- 
hibits both the transhydrogenase system and the oxidation of 
estradiol by DPN. This latter observation is surprising in view 
of the evidence that 2’-AMP specifically inhibits TPN systems 
(11). However, the oxidation of phosphogluconate by DPN is 
markedly inhibited by 2’-AMP and, as a matter of fact, the in- 
hibition is more impressive than that seen in the oxidation of 
this substrate by TPN. The reactions are quite sensitive to the 
inhibitor since inhibition can be observed at 10-5 mu. Attempts 
to reverse the inhibition by an increase in TPN concentration 
have been unsuccessful. It is surprising that the inhibition by 
2’-AMP of the oxidation of estradiol by TPN is much less im- 
pressive than that by DPN. The reduction of estrone by DPNH 
or TPNH at pH 6.8 where transhydrogenation is ordinarily 
measured is unaffected by 2’-AMP but at pH 8.2 the latter re- 
action is strikingly stimulated. 2’-AMP promotes the extent 
of the reduction of DPN by TPNH with the bacterial transhy- 
drogenase in a somewhat analogous fashion. The action of 2’- 
AMP in the present steroid system is not reversed by Mg*t as 
is the inhibition of various other TPN dehydrogenase systems 
(11). This reversal by Mg*+ probably explains why the iso- 
citric dehydrogenase-TPN of placenta is unaffected by the in- 
hibitor in the present test system. The mechanism of the 2’- 
AMP inhibition is under further study. 

These observations demonstrate the complexity of the problem 
of assay for the estrogen sensitive enzyme in various tissues. An 
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optimal amount of TPN must be present in the crude enzyme 
system. This may not be easy to achieve since extensive di- 
alysis does not remove all the TPN from placental extract. 
Further addition of TPN may readily lead to profound inhibition 
of transhydrogenase activity. The greater sensitivity of the 
direct fluorimetric method and the availability of an inhibitor 
(2’-AMP) have already demonstrated their usefulness in current 
work in this laboratory in assaying for this system when it is 
present at low levels. 


SUMMARY 


Fluorimetric and radioisotopic procedures have been developed 
to study the steroid and nucleotide changes due to 178-hydroxy- 
steroid dehydrogenase of placenta at low steroid concentrations. 
178-hydroxysteroid dehydrogenase and transhydrogenase of 
placenta were compared with respect to pH optimum, stability 
with respect to pH, and initial rate. 


Estrogen-sensitive Enzyme System 


The results were consistent with the hypothesis of Talalay 
that steroid-catalyzed transhydrogenation in placental extracts 
is due to 178-hydroxysteroid dehydrogenase. At the low steroid 
concentrations comparable to those used in the study of trans- 
hydrogenation, a study of the steroid dehydrogenase system 
showed that the reaction of diphosphopyridine nucleotide (DPN) 
with estradiol-178 is slower than that between reduced triphos- 
phopyridine nucleotide (TPNH) and estrone. An induction 
period, predicted by theory for the estrone-catalyzed transhydro- 
genation between TPNH and DPN, was demonstrated by fluori- 
metric technique. 


Vol. 234, No. 7 


2’-Adenylic acid was shown to be an effective inhibitor of trans- 


hydrogenation and dehydrogenation of estradiol by DPN. The 
dehydrogenation of estradiol by TPN was unaffected by 2’- 
adenylic acid at pH 6.8 but was enhanced at pH 8.2. 

During transhydrogenation a steady state in the steroid inter- 
conversion is reached when about 75 per cent of the steroid is 
present as estrone. 
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It is customary to regard cholesterol as existing in the organism 
in only two forms, as the free steroid and as an ester of a fatty 
acid. Within the latter category, however, there may exist 
esters of a variety of fatty acids, differing in chain length and 
degree of unsaturation (1-4). While the metabolism of the ester 
fraction of cholesterol is usually treated as an entity, there is no 
reason a priori to believe that such variations in the fatty acid 
portion of the ester are without influence on the metabolism of 
the ester. Indeed, the differences in melting point and in solu- 
bility in various solvents of these esters (5) are sufficiently large 
to suggest that the contrary may be the case. 

Accordingly, we have used the recently developed method of 
cholesterol ester fractionation (6) to investigate the rates at 
which newly synthesized cholesterol is incorporated into various 
cholesterol esters in rat liver. The results presented below indi- 
cate that the incorporation rates are heterogeneous, differing 
according to the constituent fatty acids, and that these rates do 
not represent a simple esterification process in equilibrium with 
a pool of fatty acids. The pertinence of these findings to the 
regulation of cholesterol metabolism by the rat is considered. 


EXPERIMENTAL AND RESULTS 


Adult Sprague-Dawley male rats, weighing 250 to 350 gm. 
were given intraperitoneal injections with 100 ue. of sodium 
acetate-1-C™ (specific activity 2.5 mc. per mmole). (In one 
instance a New Zealand male rabbit weighing 2.5 kg. was given 
an injection of 375 ue. of acetate.) One-half hour or 4 hours 
later the animals were anesthetized and bled by heart puncture, 
and the livers removed. The weighed livers were minced with 
scissors and homogenized in 7 volumes of absolute alcohol in a 
Waring Blendor for 1 to 2 minutes. The homogenate was heated 
to boiling and then centrifuged. The residue was extracted 
once more with 7 volumes of absolute alcohol and then with 7 
volumes of alcohol-ether (3:1). The pooled extracts were evapo- 
rated to dryness under reduced pressure and taken up in 25 
ml. of hexane. The hexane solution was dried over sodium sul- 
fate and concentrated to 2 to 3 ml. Phospholipides were pre- 
cipitated by the addition of 10 volumes of acetone and storage at 
—10° for 1 hour. The supernatant after centrifugation was 
evaporated and the residue was dissolved in 10 ml. of hexane. 
The phospholipide-free extract was chromatographed on silicic 
acid according to the procedure of Barron and Hanahan (7) to 
obtain the cholesterol ester fraction. The combined cholesterol 
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esters eluted from this column were evaporated to dryness and 
taken up in 10 ml. of hexane. 

Labeled cholesterol was obtained from the liver lipide extract 
of a stock animal injected with labeled acetate. The fraction 
eluted by 15 per cent ether in hexane (7) was saponified and the 
nonsaponifiable fraction extracted with ether. The ether was 
evaporated and the residue dissolved in 25 ml. of hexane and 
dried over sodium sulfate. The cholesterol so obtained was 
used to synthesize cholesterol-C™ palmitate by reaction with 
} almitoyl chloride. The cholesterol palmitate was recrystallized 
and purified by silicic acid chromatography. 

To study the radioactivity of the cholesterol in each of the 
sterol fractions, the mixtures of sterol esters were fractionated on 
silicic acid columns of the type described by Klein and Janssen 
(6) with a length of 25 or 40 cm. and a flow rate of approximately 
0.13 ml. per minute. Fractions of 2 or 4 ml. were collected on an 
automatic fraction collector. Cholesterol was determined di- 
rectly on the sterol ester fractions by the method of Sperry and 
Webb (8) to obtain the pattern of elution of the saturated, oleate, 
linoleate, and arachidonate esters. Knowing the distribution of 
the esters in the fractions collected, one could select groups of 
sequential samples for individual hydrolysis and precipitation 
with digitonin. The interval for each group was chosen in such 
a manner as (a) to minimize trailing and cross-contamination of 
one component by another and (6) to insure amounts of choles- 
terol which would provide a reliable measurement of specific 
activity. The latter criterion was usually satisfied by fractions 
with 20 ug. or more of cholesterol. In the case of the arachi- 
donate component, it was sometimes necessary to combine suc- 
cessive pairs of fractions to obtain sufficient material (Fig. 1). 
The digitonides derived from these fractions were dissolved in 2 
ml. of dioxane-phosphoric acid (99:1), 1 ml. of aliquot was ana- 
lyzed for cholesterol, and the remainder was diluted with 1 ml. 
of absolute alcohol and 13 ml. of toluene containing 4 gm. per 
liter of diphenyloxazole (9). Radioactivity was measured with 
a Packard TriCarb automatic scintillation counter. Results 
were corrected to disintegrations per minute by a factor obtained 
from a standard sample. 

Before studying the possible variation in specific activities 
between different esters of cholesterol, it was necessary to esti- 
mate the variation occurring in a known situation, one in which 
a single labeled ester was added to a biological mixture of esters. 
Accordingly, 0.75 mg. of cholesterol as cholesterol palmitate, 
with a specific activity of 1535 disintegrations per minute, was 
added to a 1.23 mg. (as cholesterol) sample of rat liver cholesterol 
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Fic. 1. Method of selection of samples for analysis in a typical chromatogram of rat liver cholesterol esters on silicic acid. The 


numbers of samples from a given component depended on the quantity of ester present and the size of the fractions collected. 
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Fia. 2. Chromatography of labeled cholesterol palmitate with a mixture of rat liver cholesterol esters. 


hatched area, radioactivity. 


esters, and the mixture was chromatographed on a 25-cm. silicic 
acid column (Fig. 2). The specific activities, which are listed 
above each fraction, indicate an acceptable degree of precision in 
the method, despite a 10-fold variation in cholesterol and radio- 
activity. 

Another factor which appeared to merit consideration was the 
efficacy of washing procedures used in preparing the digitonides; 
incomplete removal of newly synthesized fatty acids would lead 
to errors in digitonide specific activities. Therefore, the experi- 
ment indicated in Table I was performed. The hydrolysis of 
cholesterol stearate in the presence of stearic acid with a high 
specific activity and the washing of digitonides in a conventional 
manner resulted in samples essentially free from radioactivity. 
Since under the conditions of the experiments in vivo, the activity 
of the fatty acid would more nearly approximate the activity of 
the cholesterol itself, it appears safe to assume that such con- 
tamination would not contribute any appreciable error to the 
results. 

In Table II are listed the results from five chromatograms of 
liver cholesterol esters; four of these were obtained 30 minutes 


Outline, cholesterol; cross 


after injection and one after 4 hours. Depending on the quantity 
of each ester present, it was possible to analyze from 3 to 13 
consecutive fractions within each component. This number of 
samples makes possible a statistical comparison of each ester 
category within a given chromatogram and eliminates the diffi- 
culty of comparing animals or groups of animals during a period 
of rapidly changing specific activity. 

It is evident from Table II that at 30 minutes after injection 
there is a difference in the activity of the cholesterol associated 
with different fatty acids. On the other hand, after 4 hours, 
the values are very similar. Statistical analysis of the results 
of each of the 30 minute chromatograms indicates that the prob- 
ability of these samples representing a homogenous population 
is less than 0.05, while the same probability after 4 hours is 0.2. 
It should be emphasized that the differences between individual 
categories at the early time period are not the result of variations 
in the livers which were pooled for chromatography, since run 12 
(single rat) and run 27 (single rabbit) show a similar heteroge- 
neity. 
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TABLE I 
Extent of contamination of digitonides by radioactive fatty acids 


Cholesterol as ester Radioactivity in washed digitonides 


Procedure A* 


ug. | d.p.m. | % 
Control, unhydrolyzed 92,300 100 

50 | 67 0.14 
50 81 0.18 
100 400 0.83 
100 49 0.10 
500 162 0.36 
500 59 0.13 
Average 0.29 


Procedure Bt 


Control, unhydrolyzed 92,300 100 

50 170 0.36 

50 1,024 2.22 

100 137 0.30 

100 76 0.16 

500 106 0.22 

500 97 | 0.20 

Average | 0.58 


P. D. Klein and R. A. Martin 


© Digitonides washed with acetone:ether (1:2) followed by 


ether. 
+ Procedure A, followed by washes with hexane and with ether. 


DISCUSSION 


The data presented appear to substantiate the hypothesis of 
heterogeneity in the turnover rates of cholesterol esters. The 
close agreement of values at 4 hours would seem to preclude the 
possibility that significant portions of any ester pool were inert 
and thus concealed the true turnover rate. 

The mechanisms responsible for the observed heterogeneity 
cannot be definitively established at this time. A more detailed 
study of the time course of the specific activities of the esters is 
required to determine, for example, if this is accomplished by 
means of a fatty-acid specificity in the esterification enzymes or 
is, perhaps, the resultant of processes acting on the newly formed 
esters, e.g. removing them from the liver at differing rates. 

The interesting aspect of these findings is that they provide a 
new set of parameters in cholesterol metabolism whereby the 
rate of metabolism of a given molecule of cholesterol may be a 
function of the fatty acid to which it is esterified. Further stud- 
ies of these parameters should prove fruitful in our concepts of 
the regulation of cholesterol metabolism. 


SUMMARY 


1. The digitonides of various cholesterol esters have been 
shown to have different specific activities 30 minutes after in- 
jection of sodium acetate-1-C™. In order of decreasing activity 
were esters of oleic, linoleic, saturated, and arachidonic acids. 
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2. After 4 hours, all esters have approximately the same ae- 
tivity, indicating that comparable portions of each of the esters 
have been replaced. 

3. It is concluded that the turnover rates of cholesterol esters 
in liver are heterogeneous. Some implications of these findings 
in the regulation of cholesterol metabolism are discussed. 


Acknowledgments—We wish to thank Mr. Sylvanus Tyler for 
his invaluable aid in the statistical evaluation of our data. 


TABLE II 


Specific activities of cholesterol digitonides from various 
fractions of liver cholesterol esters 


Mean Specific 
Percent) specific! Probability activity 
Ester fraction of total activity S.e.* | of homogeneity’ relative 
esters (d.p.m. (p) to 
| mg.) | oleate 
Run 12 (Single rat liver, 30 minutes) 
Saturated (3)¢...... 7.8 3912 995 0.82 
Oleate (5).. 35.1 | 4784 201 <.001 1.00 
Linoleate (7). 34.1 4291 188 0.90 
Arachidonate (9)... 23.1 | 2339 | 212 0.49 
Run 21 (Two pooled rat livers, 30 minutes) 
Saturated (3)....... 12.9 | 1149 292 0.48 
Oleate (7). _...| 81.7 | 2403 | 305 1.00 
Linoleate (6). ... 31.6 1833 218 0.76 
Arachidonate (3). “a 23.8 | 1158) 155 | 0.48 
Run 25 (Two pooled rat livers, 30 minutes) 
Saturated (4)....... 12.2 | 4889 | 529 0.61 
Oleate (8)...........| 39.6 | SOOL | 495 <.001 1.00 
Linoleate (8)........| 29.9 | 6019 | 350 0.75 
Arachidonate (4).. 18.2 967 | 112 0.12 
Run 27 (Single rabbit liver, 30 sassietencsi 
Saturated (5).......[ 21.3] 398| 28 0.74 
Oleate 53.4 34 054 1.00 
Linoleate (10).......| 23.4 | 624) S81 : 1.15 
Arachidonate (1)... 2.0 
} 
Run 32 rat liver, 4 
Saturated (8)... | | 1201 | 65 | 
Oleate | 1359 112 9 (1.00 
Linoleate (13)...... | 72 | 0.91 
Arachidonate (6). . 138 


@ Standard error of the mean specific activity. 

’ Probability calculated from a one-way analysis of variance. 
¢ Numbers in parentheses refer to numbers of samples. 

4 Caleulated for first three fractions only. 
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This study reports the isolation and characterization of four 
B-ketosteroids from the urine of a patient with adrenal car- 
cinoma. Two of these are completely new compounds; one of 
the others was previously isolated from urine of normal males 
and the fourth after administration of a precursor. The novel 
compounds are 38 ,7a, 16a-trihydroxy-A5-androstene-17-one (VI) 
(Fig. 1) and 38,16a-dihydroxy-A*-androstene-7 ,17-dione (IV). 
Their presence in the 6-ketonic fraction of urines from the patient 
with adrenal tumor was indicated by their chromogenic properties 
and mobility on paper. Both are ring D ketols and stain with 
blue tetrazolium reagent. Compound IV is further characterized 
by absorption in the ultraviolet (C—C—-C=O) and Compound 
VI by a blue color on treatment with phosphotungstic acid, 
typical of A*-7-hydroxy group (1). The structures of these 
steroids were proved by partial synthesis. 

The other two §-ketonic steroids isolated from the urine of 
the patient with adrenal carcinoma were 38 ,7a-dihydroxy-A°- 
androstene-17-one (III) (1), and 38, 16a-dihydroxy - - an- 
drostene-17-one (V) (2, 3). A nonketonic steroid, A‘-pregnene- 


38 ,17a,20a-triol (VIII), first isolated by Hirschmann (4) from 
the urine of a boy with adrenal tumor, was also present in 


considerable amount in the 6-ketonic fraction. 

The partial synthesis of 38 ,7a, 16a-trihydroxy-A*-androstene- 
17-one (VI) and 3,16a-dihydroxy-A‘-androstene-7 , 17-dione 
(IV) employed 38, 16a-diacetoxy-A*-androstene-17-one (Va) 
(Fig. 2) as the starting material. This compound was recently 
prepared by an elegant method from 36-acetoxy-A*.!*-pregna- 
diene-20-one (5). The introduction of the hydroxyl group at 
C-7 was achieved by bromination of Va with N-bromosuccinimide 
and treatment of the crude bromination product with alumina 
(6, 7). Chromatography of the reaction product afforded an 
oil, the infrared spectrum of which was consistent with the 
structure 38 , 16a-diacetoxy hydroxy -A*-androstene-17-one 
(VIa). Acetylation with pyridine and acetic anhydride afforded 
the crystalline triacetate VIb. The 7a-orientation of the new 
hydroxy] function in VI was assigned from its method of prepara- 
tion and by the agreement of molecular rotation difference with 
other series (6). Attempts to hydrolyze the acetate groups of 
Via or b with dilute mineral acid led to alteration of the molecule. 
Examination of the hydrolysis product by paper chromatography 
revealed an array of steroids and only a trace of a product with 
the expected mobility and chromogenic properties. These 


* This investigation was supported in part by a grant from the 
American Cancer Society and a research grant (CY-3207) from 
the National Cancer Institute, National Institutes of Health, 
United States Public Health Service. 

t On leave from Yakuri-Kenkyusho, Kitaku, Tokyo, Japan. 


transformation products retained a ketol structure as evidenced 
by the reaction with blue tetrazolium reagent, but the functional 
groups in ring B were altered as evidenced by a negative or weak 
reaction with phosphotungstic acid. 

Oxidation of the oily 38,16a-diacetoxy-7a-hydroxy-A‘*-an- 
drostene-17-one (VIa) with chromic acid in pyridine (8) yielded 
38 , 16a-diacetoxy-A*-androstene-7 ,17-dione (IVa). In contrast 
to the 7a-hydroxy derivatives VIa and b, acid hydrolysis of IVa 
was achieved without any complication to give 38,16a-di- 
hydroxy-A*-androstene-7 , 17-dione (IV). 


EXPERIMENTAL! 


Isolation Studies—A 7-day urine collection from a patient with 
adrenal carcinoma, Subject S-52 (9), was hydrolyzed with - 
glucuronidase? and continuously extracted with ether at pH 1 in 
the usual manner (10). 


The last mentioned ether soluble neutral steroid fraction was 
further separated into the ‘-ketonic” steroids (910 mg., 371 
mg. KS) in the customary fashion (10). One-half of this frac- 
tion was chromatographed on 250 gm. of silica gel containing 
100 ml. of ethanol. 
methylene chloride gave 224 mg. of material (Fraction I). Elu- 
tion with 1.5 1. of 4 per cent ethanol in methylene chloride af- 
forded 109 mg. of oily substances (Fraction II). Elution with 


1.5 1. of 10 per cent ethanol in methylene chloride gave 56 mg. of } 


material (Fraction III). Treatment of the column with 1 1. of 
ethanol gave 18 mg. of crystals (Fraction IV). i 

The steroid composition of Fractions I to IV was studied by 
paper chromatography. The mobility in various solvent systems 
of the steroids isolated and characterized in this study is shown 
in Table I. The staining characteristic of these steroids and the 
fraction in which they were found are shown in Table II. The 
isolation of the 8-ketosteroids from the various fractions was 
achieved after chromatography on paper in appropriate solvent 
systems. 

368 ,16a-Dihydroxy-A*-androstene-7 ,17-dione (IV)—Rechroma- 
tography on paper of Fractions III and IV (Table II) yielded 
areas which gave positive reactions with blue tetrazolium reagent 
and absorbed in the ultraviolet. These areas were eluted, and 
the eluates were combined, acetylated, and chromatographed on 


1 The melting points were taken on a Kofler-type hot stage and 
are corrected. 

2 8-Glucuronidase, known as Ketodase, was obtained from the 
Warner-Chilcott Laboratories, a division of Warner-Lambert 
Pharmaceutical Company, New York, New York. 
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The residual urine plus the alkaline 
washes from the preceding ether solution were combined, acidi- | 
fied to 1 N with H2SO,, and continuously extracted with ether. f 


Elution with 1.8 1. of 2 per cent ethanol in } 
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alumina. Elution with benzene-chloroform (4:1) and recrystal- 
lization from methanol gave 38, 16a-diacetoxy-A*-androstene- 
7,17-dione, m.p. 190-196°. The infrared spectrum was identical 
with the synthetic sample, m.p. 198-200°, in the region 1400 to 
650 cm.~! in carbon disulfide solution. 

38 , 7a , 16a-Trihydrory - A5-androstene-17-one (VI)—Areas 
which gave positive reactions with blue tetrazolium reagent and 
a blue color with phosphotungstic acid were also found on paper 
chromatography of Fractions III and IV (Table II). These areas 
were eluted, and the eluates were combined and acetylated. 
Chromatography of the acetylated material on alumina gave an 
oil which could not be crystallized, but its infrared spectrum was 
identical with that of the synthetic sample of 38,7a,16a- 
triacetoxy-A*-androstene-17-one (VI) in the region 1400 to 650 
em.~! in carbon disulfide. 

38 , 16a-Dihydrory-A*-androstene-17-one (V)—The chromatog- 
raphy of Fractions II and III on paper in the system butyl 
acetate-ethylene glycol gave areas which had the mobility of a 
dihydroxyketone and gave positive reactions with blue tetra- 
zolium reagent (Table I1). These were eluted, and the eluates 
combined. The mixture was rechromatographed on paper in 
Bush system B5 (11) for 4 hours to separate 36, 16a-dihydroxy- 
A®-androstene-17-one (V) from A*-pregnene-38, 17a ,20a-triol 
(VII). The areas which gave positive reactions with blue 
tetrazolium were eluted (22 mg.). Recrystallization from 
methanol afforded 15 mg. of V, m.p. 145-152°; transformation to 
needles, m.p. 164-170°. Acetylation and chromatography on 
alumina followed by recrystallization from methanol gave 
38 , (V), m.p. 164—167.5°, 
with no depression of the melting point upon admixture with an 
authentic sample. The infrared spectrum was identical with 
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that of the synthetic sample in the region 1400 to 650 cm.~! in 
carbon disulfide. 

A5-Pregnane-38 , 17a ,20a-triol (_VII)—The more polar steroid 
which stained only with phosphotungstic acid and was separated 
on rechromatography with Bush B5 from 38, 16a-dihydroxy-A°- 
androstene-17-one was eluted (15 mg.). Recrystallization from 
ethyl acetate and acetone gave 4 mg. of A®-pregnene-36, 17a,- 
20a-triol (VII), m.p. 211-216°; reported 221-224° (4). The 
mother liquors were acetylated and chromatographed on alumina. 
Elution with benzene-petroleum ether (4:1) gave 9 mg. of 
acetate. Recrystallization from methanol gave A®5-pregnene- 
38 , 17a ,20a-triol-3 ,20-diacetate, m.p. 198-200°; reported 204— 
206° (4). The infrared spectrum was identical with that of an 


TABLE I 
Chromatographic mobilities of 38-hydrory-A5-steroids 


Solvent system* (cm. from origin) 
Steroid 
A BS BS* Cc 
Dehydroisoandrosterone (II)..| 30-39 43-45 
38-Hydroxy-A5-androstene- 
7,17-dione (1).............. 24-28 38-41 
38, 16a-Dihydroxy-A*-andros- 
tene-17-one (V)............. 19-25 32-36 
A‘-Pregnene-38, 17a, 20a-triol 
38, 7a-Dihydroxy -A5-andros- 
tene-17-one (III)........... 10-15 26-30 
38, 16a-Dihydroxy-A*-andros- 
tene-7,17-dione (IV)........ 6.5-10.5 6-10 | 32-37 
38, 7a, 16a-Trihydroxy-A‘- 
androstene-17-one (VI)..... 1.5-4 1-3 9-12 


* Whatman No. 1 paper, 18 X 55 cm., equilibrated and chroma- 
tographed at 24°. Solvent systems: A, butyl acetate-ethylene 
glycol (1:1), 8 hours (1); B5, Bush B5, 4 hours; B5*, Bush B5, 7 
hours; C, benzene, methanol, water, ethyl acetate (1:1:1:0.1) 11 
hours. 


TABLE II 
Chromogenic properties of 38-hydrozry-A®-steroids 
Reagent* Chromato- 
Steroids f 
PTA UV BT gel 
Dehydroisoandrosterone 
Orange | — I 
38-Hydroxy-A*-androstene- 
7,17-dione (I). ........... Orange | + I, Il 
38, 16a - Dihydroxy - an- 
drostene-17-one (V)........ Orange — + II, Ill 
A>-Pregnene-38, 17a, 20a-triol . 
38, 7a-Dihydroxy-A®-andros- 
tene-17-one (III).......... Blue ~ I, II, lll 
38, 16a - Dihydroxy - - an- 
drostene-7,17-dione (IV)...| Orange | + on III, IV 
38, 7a, 16a - Trihydroxy - 
androstene-17-one (VI)....| Blue _ + III, 1V 


* PTA, phosphotungstic acid; UV, absorption of ultraviolet light; 
BT, blue tetrazolium reagent. 
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authentic sample in the region 1400 to 650 cm.-! in carbon di- 
sulfide. 

38 ,7a-Dihydroxy-A*-androstene-17-one (III)—The_ chroma- 
tography of Fractions I, II, and III in Bush B5 separated areas 
which gave a blue color with phosphotungstic acid and had 
the mobility of (III).* 
These were eluted, and the eluates were combined and acetylated. 
The infrared spectrum was identical with that of an authentic 
sample of 38 ,7a-diacetoxy-A*-androstene-17-one in the region 
1400 to 650 cm.~ in carbon disulfide solution. 


Synthetic Studies 


38 , (Va)—Va was _ pre- 
pared by the method of Cooley et al. (5). The melting point of 
the mixture with an authentic sample‘ showed no depression, and 
the infrared spectra of the two samples were identical in all 
respects in the region 1400 to 650 em.~! in carbon disulfide solu- 
tion. 

36 , 16a-Dihydrory-A*-androstene-17-one (V)—To a solution of 
90 mg. of 38, 16a-diacetoxy-A*-androstene-17-one (Va) in 15 ml. 
of methanol were added 7.5 ml. of 6 N aqueous HeSO,, and the 
solution was stored at room temperature for 3 days. After 
dilution with ethyl acetate and washing with NasCQO; solution and 
water, the organic phase was dried and the solvent was evapo- 
rated. Recrystallization of the residue from methanol afforded 
51 mg. of 38,16a-dihydroxy-A*-androstene-17-one (Va), m.p. 
182-186°; [a]?° 8.3° (ethanol); reported m.p. 177-181°; 12° 
(ethanol) (3). 


Ci gHosf 


Calculated: C 74.96, H 9.27 
Found: ) 74.87, H 8.99 


38, in chloroform. solu- 
tion (not completely soluble) exhibited bands at 3600 and 3560 
em.~! (free and associated hydroxyl absorption), 1747 cm.-} 
(carbonyl stretching vibrations of a ketone in a 5-membered ring 
displaced from normal by an adjacent absorption), and 1668 
cm.~! (conjugated ketone). The absence of absorption between 
1425 to 1400 em.-! indicates the absence of an unsubstituted 
methylene group adjacent to a C-17 ketone. 

Acetylation in the usual way with acetic anhydride and 
pyridine yielded 38, m.p. 
166-169°. The infrared spectrum was identical with that of the 
starting compound (Va). 

3B (VIb)—A solu- 
tion of 390 mg. of 38, 16a-diacetoxy-A®-androstene-17-one (Va) in 
20 ml. of carbon tetrachloride was distilled to remove traces of 
moisture. Then 210 mg. (1.2 moles) of N-bromosuccinimide 
were added and the mixture was refluxed and irradiated for 5 
minutes with two photospot lamps (General Electrie Company 
No. RSP-2) (7). The suecinimide was filtered and washed with 
carbon tetrachloride. The combined filtrates were stirred for 2 
hours at room temperature with ethyl acetate-washed alumina. 
The solution was filtered and the alumina was stirred for 30 
minutes with acetone. The carbon tetrachloride and acetone 
extracts were combined and evaporated to dryness. The residue 
was chromatographed on 30 gm. of acid-washed alumina by 


3 We wish to thank Dr. John J. Schneider for his kindness in 
supplying us with this compound and its diacetate. 

‘We are grateful to Dr. V. Petrow for his generous gift of this 
compound. 
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successive elution with petroleum ether, benzene, and chloro. 
form. 

The fraction (140 mg.) eluted with benzene-chloroform mix. 
tures (3:1 and 2:1) gave a positive ‘“‘tetrazolium test” and its 
infrared bands agreed well with the structure of 38, 16a-dj. 
(Via), but it could 
not be crystallized. Via in carbon tetrachloride solution ex. 
hibited bands at 3600 cm.— (free hydroxyl), 1765 cm.—! (carbonyl 
stretching vibrations of a ketone in a 5-membered ring displaced 


from normal by an adjacent absorption), 1747 cm.~' with a Ff 


shoulder at 1737 cm.~! (carbonyl stretching vibrations of the 


ketol-acetate and normal acetate), and 1666 cm.-! (ec = stretch. 


ing band). The absence of absorption between 1425 and 1400 


cm.~! indicated the absence of an unsubstituted methylene group fF 


adjacent to a C-17 ketone; in carbon disulfide solution there was 


a broad band at 1239 em.-! (C—O stretching vibrations from the | 


displaced ketol acetate and normal acetate). 


Acetylation of 78 mg. of Via in the usual way with acetic | 
anhydride and pyridine yielded 48 mg. of 38 ,7a, 16a-triacetoxy- | 
The analytical 
sample melted at 238-241°; [a]2° 139° (chloroform). 38,7a,16a- | 
Triacetoxy-A*-androstene-17-one in carbon tetrachloride and 
carbon disulfide solutions exhibited the same absorptions as did | 
3,16-diacetate Vla with the exception of the band at 3600 em.7 } 
(free hydroxyl) and more intense absorptions at 1747 and 1239 [ 


A®-androstene-17-one (VIb), m.p. 236-2399. 


cm.~! (additional acetate). 
CosH 


Calculated: C 67.24, H 7.68 
Found: C 67.34, H 7.69 


38 ,7a,16a-Triacetoxy-A*-androstene-17-one (VIb) and crude 


38 , (Via) were 
hydrolyzed with dilute H.SO, in methanol to obtain 38 ,7a, 16a- 


trihydroxy-A*-androstene-17-one (VI), but these attempts were 
unsuccessful. 


the 38 ,7-dihydroxy-A® structure was destroyed, as evidenced by 


product VI was observed. 


38 , 16a-Diacetoxy-A*-androstene-7 ,17-dione (I Va)—A solution 
norr 


of 245 mg. of the above fraction of crude 38, 16a-diacetoxy-7a- 


hvdroxy-A®-androstene-17-one (Vla) in 2.5 ml. of pyridine was 
added to a slurry of chromic anhydride (220 mg.) and pyridine [ 
adm 
hours at room temperature, poured into ice water, and extracted [ tati¢ 
The organic layer was washed with 10 per F with 
cent NaCl solution and water and dried, and the solvent was F 
isola 
mg. of 38, 16a-diacetoxy-A*-androstene-7 ,17-dione (IVa), m.p. has | 
Further crystallization from methanol gave the > 
were 


(2.5 ml.) (8). The reaction mixture was allowed to stand for 18 


with ethyl acetate. 


evaporated. Recrystallization from acetone-ether afforded 140 


195-199°. 
analytical sample, m.p. 198-200°; [a]*> —65.3° (chloroform); 
235 mu (e 14,000). 
Caleulated: C 68.63, H 7.51 
Found: C 68.59, H 7.42 


38 , 16a-Diacetoxy-A*-androstene-7 ,17-dione in carbon tetrs 
chloride solution exhibited bands at 1764 em.~! (carbony] streteh- 


Paper chromatography of the hydrolysis products | 
indicated that, although the 16a-hydroxy-17-keto structure was } 
intact as evidenced by positive reaction with blue tetrazolium, | 
the almost total absence of blue color on staining the paper with | the 
phosphotungstic acid. Only a slight trace of a steroid with the > 
expected mobility and staining characteristic of the hydrolytic 
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ing vibrations of a ketone in a 5-membered ring displaced from 
normal by an adjacent absorption), 1747 cm.~' with a shoulder at 
1733 cm.~! (carbonyl stretching vibrations of the ketol acetate 
and normal acetate), and 1678 and 1634 cm.-! (conjugated 
ketone); in carbon disulfide solution (not completely soluble) 
there was a band at 1236 cm.-! (C—O stretching vibrations of 
the ketol acetate and normal acetate). The absence of absorp- 
tion between 1425 to 1400 cem.-! indicated that there was no 
ynsubstituted methylene group adjacent to a C-17 ketone. 

33, ,17-dione (IV)—To a solu- 


tion of 50 mg. of 36,16a-diacetoxy-A*-androstene-7 , 17-dione 
 ([Va) in 10 ml. of methanol were added 5 ml. of 6 N aqueous 


After 26 hours at room temperature, it was diluted with 


- ethyl acetate and washed with Na2CO; solution and water. The 
- organic phase was dried and the solvent was evaporated. Re- 
crystallization of the residue from methanol afforded 30 mg. of 
16a-dihydroxy-A*-androstene-7 ,17-dione (IV), m.p. 234- 
98°. The analytical sample melted at 236-243°; —92° 
(ethanol) ; Amax®**"°! 239 my (€ 13,500). 


(IVa), m.p. 194-197°. 
that of the starting compound ([Va). 


Ci gH 


Calculated: C 71.67, H 8.23 
Found: C 71.58, H 8.09 


33, 16a-Dihydroxy-A®-androstene-7 , 17-dione in chloroform (sus- 
pension) exhibited bands at 3600 and 3570 cm.~! (free and as- 


hydroxyl absorption), 1750 em.-' (carbonyl stretching 


vibrations of a ketone in a 5-membered ring displaced from 


normal by an adjacent absorption), and 1673 and 1631 em.~! 
— (conjugated ketone); there was no band between 1425 to 1400 
em. as in above compound [Va. 


Acetylation in the usual way with acetic anhydride and 
pyridine yielded 38, 16a-diacetoxy-A*-androstene-7 , 17-dione 
The infrared spectrum was identical with 


DISCUSSION 


The isolation of 38,7a,16a-trihydroxy-A*-androstene-17-one 


(VI) and 38, 16a-dihydroxy-A*-androstene-7 , 17-dione (1V) from 
the urine of a patient with adrenal tumor is of interest because 
- these compounds contain the combined structural features of 
several oxygenated dehydroisoandrosterone derivatives recently 


isolated. 


The l6a@-hydroxy derivative, 38, 16a-dihydroxy-A°- 


- androstene-17-one (V), has been isolated from the urine of 


normal men as well as after the administration of dehydroiso- 
androsterone (2, 3); the 7a-hydroxy derivative of dehydroiso- 


- androsterone (II1) was found in the urine of a man after oral 
- administration of the parent steroid (1); the isolation and quanti- 
tation of 38-hydroxy-A*-androstene-7 ,17-dione (1) in patients 


were obtained after relatively drastic acid treatment. 


with adrenal neoplasms has been previously reported from this 
laboratory (9, 12). Compounds III and V_ have also been 
isolated in the present study and the isolation of I in this subject 


_ has been reported earlier (9). 


The 7- and 16-oxygenated dehydroisoandrosterone derivatives 
This was 


 hecessary because, as with dehydroisoandrosterone, the principal 
conjugates of these compounds are not glucosiduronates or 


sulfates. These unknown conjugates resisted both hydrolysis by 
3-glucuronidase and continuous ether extraction at pH 1, pro- 


_ cedures which are known to hydrolyze steroids conjugated with 


glucuronic and sulfuric acids. As a consequence of this acid 


hydrolvsis, a large percentage of the 7a-hydroxy derivatives must 


M. Okada, D. Fukushima, and T. F. Gallagher 
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have been destroyed since the 7a-hydroxy group, in the axial 
conformation, can readily be eliminated from the molecule. It 
has been demonstrated in this study, as well as others, that acid 
hydrolysis of the 7a-acetoxy group also leads to extensive loss of 
the oxygen at this position. The 7a-hydroxy derivatives III 
and VI isolated then represent a small fraction of what must 
have been initially present in the urine. On the other hand, the 
16a-hydroxy group in the ring D ketol structure of IV, V, and VI 
is stable to acid (13, 14) and quite evidently survived the isolation 
procedure with probable minor rearrangement to the 17 8-hy- 
droxy-16-ketone. 

In contrast with the essentially reductive metabolism of hydro- 
cortisone and testosterone, the transformation in vivo of dehydro- 
isoandrosterone and its 7a-hydroxy derivative leads not only to 
reduced but to more highly oxygenated products as well. In this 
latter respect, the metabolism of these steroids parallels that of 
the estrogenic hormones. The major metabolite of estrone and 
estradiol in man in vivo is estriol which has an additional oxygen 
atom at carbon atom 16. A number of other 16-oxygenated 
estrogen metabolites including estriol-168,178 (15), 16a-hy- 
droxyestrone (16), 168-hydroxyestrone (17, 18), 16-ketoestradiol 
(18, 19), and 16-ketoestrone (20) have recently been described. 
Oxygenation is not limited to C-16 of the estrogen nucleus as 
evidenced by the isolation of 2-methoxyestrone (21), 2-methoxy- 
estriol (22), and 18-hydroxyestrone (23) from human urine, and 
68-hydroxy and 6-keto derivatives of estrone and estradiol fol- 
lowing incubation in vitro (24, 25). Analogous 16-oxygenated 
dehydroisoandrosterone derivatives have been isolated from 
human urine. One of the first of these from patients with adrenal 
carcinoma was A®-androstene-3@ , |6a@,178-triol (26). Its 166- 
hydroxy epimer, A®-androstene-38 ,160,178-triol and 36, 16a- 
dihydroxy-A*-androstene-17-one (V) have been isolated recently 
from normal male urine (2). Further oxygenation products of 
V are exemplified by the C-7 oxygenated derivatives, [V and VI, 
isolated in the present study. 

The site and mechanism of production of oxygenated dehydro- 
isoandrosterone is an interesting problem. 38, 16a-Dihydroxy- 
A®-androstene-17-one (V) and 38,7a-dihydroxy-A*-androstene- 
I7-one (III) have been obtained after administration of 
dehydroisoandrosterone. In all probability the oxygenation 
of dehydroisoandrosterone to these metabolites occurred in the 
liver. The 16-hydroxylation of dehydroisoandrosterone has been 
demonstrated by the formation of A‘-androstene-38, 16a ,176- 
triol in incubation studies with rabbit liver (27). The ability of 
the liver to hydroxylate at C-7 has been demonstrated by the 
conversion of cholesterol and deoxycholic acid to cholic acid (27- 
30). 

It has been recently suggested that C-7 oxygenated dehydro- 
isoandrosterone was produced by the adrenal gland and was a 
secretory product of this organ (9). This thesis was based on the 
fact that in patient S-52 and others with metastatic carcinoma of 
the adrenal cortex, production of dehydroisoandrosterone was 
decreased to a much higher degree than was 7-ketodehydro- 
isoandrosterone under amphenone administration. If the 
oxygenation of dehydroisoandrosterone at this position were 
primarily the result of peripheral metabolism, it would be ex- 
pected that the two compounds would be decreased propor- 
tionately with the drug. An alternative hypothesis can, how- 
ever, be advanced in view of the present studies. In the subject 
investigated, the metastases were widespread and were con- 
tiguous with peripheral tissues, especially the liver. These im- 


=) 

oro. 

its 

-di- 

yuld | 

ex. 

ced 

h a 

the 

ch- 

$00 

oup 

was | 

the | 

etic | 

xy- 

ical 

ba- | 

did 

de 

ere 

6a- 

ere 

cts 

vas — 

m, 

by 

“ith 

the 

‘tic 

as | 

ine | 

18 

ted | 

per 

140 

the 

m); 


1692 


mediately adjacent tissues were capable of further metabolism 
of the secretory product of the metastatic adrenal neoplasias. 
The juxtaposition of the adrenal metastases and peripheral tissues 
might have been favorable both for rapid transformation of 
dehydroisoandrosterone to 7a-hydroxydehydroisoandrosterone 
and its oxidation to the 7-keto derivative, as well as for 
hydroxylation at C-16. Similarly the metastases and the 
peripheral tissues could have been so intimately mixed that 
dehydroisoandrosterone, a primary secretory product of the 
adrenal tissues, was rapidly and efficiently oxygenated by the 
peripheral tissue before it ever reached the circulating fluids. In 
such environment, it might be possible that amphenone was 
ineffective or was itself metabolized before it could inhibit de- 
hydroisoandrosterone production and metabolism at this site. 
Precise knowledge of the efficiency of 7a-hydroxylation of de- 
hydroisoandrosterone by the peripheral tissues in normal and 
diseased subjects is not yet available. Such information would 
be valuable in ascertaining the basis of the apparent divergent 
production of dehydroisoandrosterone and 7-ketodehydroiso- 
androsterone in adrenal carcinoma patients. 

The oxygenation of dehydroisoandrosterone by the adrenal 
gland or by the peripheral tissues may imply a more significant 
biological function for the steroid than was anticipated. Many 
simple steroids are hydroxylated to afford products with modified 
physiological activities. A prime example of this is progesterone 
which is hydroxylated in the adrenal gland to give a variety of 
potent adrenocortical hormones such as hydrocortisone, aldos- 
terone, and the like. More recently, it has been demonstrated 
that reduced metabolites, such as androsterone and etiocholan- 
olone, have biological activities heretofore not associated with 


these steroids (31, 32). It has been found that androsterone express his appreciation for a grant from the Fulbright Travé 
lowers the serum cholesterol concentration in man and the level Fund. 
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of the endogenous production of this compound is associated with 
the functional activity of the thyroid. Etiocholanolone, on th 
other hand, is a potent pyrogen in man and its presence in th 


free form in blood has been linked with periodic fever (33). ])} 


view of these facts potential biological function of these high} 
oxygenated derivatives of dehydroisoandrosterone should lx 
explored. 


SUMMARY 


Two novel 38-hydroxy-A*-steroids have been isolated fron 
the urine of a patient with adrenal carcinoma. They wer 
38 ,7a,16a-trihydroxy - A5-androstene-17-one and 38, 16a-dj. 


hydroxy-A*-androstene-7 ,17-dione, which were characterized by 


synthesis. 

Two other known §-ketosteroids were also isolated from thi: 
subject. These were 36,7a-dihydroxy-A*-androstene-17-on 
and 36, 16a-dihydroxy-A*-androstene-17-one. 
steroid A*-pregnene-36 , 17a ,20a-triol, previously isolated from ap 


adrenal carcinoma patient, was also isolated in the present 


investigation. 


The site and mechanism of production of oxygenated def 
hydroisoandrosterone in patients with metastatic adrenal car. . 


cinoma have been discussed. 
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The quantitative estimation of urinary 58-pregnane-3a, 17a, 
Ha-triol has become of interest, since it is frequently excreted 
- inexcessive amounts by patients with adrenocortical hyperplasia 
or adrenal tumors (reviewed (1)). The related 11-ketosteroid, 
is often of greater bio- 
chemical interest since it has been isolated and estimated so far 
only in the urine of patients with virilizing congenital adrenal 
hyperplasia or adrenal hyperplasia producing Cushing’s syn- 
drome (1-3). 

Three main methods have been described for the estimation 
of one or other of these steroids (4-6) and Cox and Finkelstein 
(1) described a method for the estimation of both pregnanetriol! 
and pregnanetriolone. The above two steroids are members of 
a group of 17,20-dihydroxy-20-methyl steroids of which four 
other members have recently been isolated from urine, namely, 
pregnane-3a , 17a, 208-triol, pregn-5-ene-38,17a , 20a-triol, 5a- 
pregnane- -3a,17a,20a-triol and 58-pregnane-3a,118,17a,20a- 
tetrol (3). A general method for the estimation of steroide of 
this group relying on periodate oxidation and determination of 
the acetaldehyde formed (“‘acetaldehydogenic” steroids) has 
The specificity of this oxidation method is 
of particular value in the estimation of small amounts of such 
urinary steroids. 

_ This paper presents a modified and more sensitive periodate 
oxidation method which has been combined with paper chroma- 
tography for the separation and precise estimation of all the 
known acetaldehydogenic steroids in amounts down to the 2-ug. 
level. This new method, in which the substances are estimated 
“quantitatively directly on paper chromatograms, has been 


applied to the estimation of urinary acetaldehydogenic steroids. 


EXPERIMENTAL 
Materials—Solvents are fractionally distilled before use. 


4 Ethanol (absolute) and methanol are refluxed for 8 hours with 
2 per cent by weight of sodium hydroxide and distilled twice. 
1373 


- Formamide, crystalline periodic acid, and glycine are laboratory 
‘grade; all other reagents are c.p. grade. To remove aldehydes, 
glacial acetic acid is refluxed with 1 per cent by weight of potas- 


' *This investigation was supported by a research grant from 
the New South Wales State Cancer Council. 

_ 'The abbreviations used are: pregnanetriol, 58-pregnane- 
_3a,17a,0a-triol; pregnanetriolone, 58-pregnane-3a, 17a, 20a-triol- 
‘ll-one; pregnanetetrol, 58-pregnane-3a, 118, 17a,20a-tetrol; AGS, 
acetaldehydogenic substances. 
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sium dichromate for 8 hours and distilled. Whatman No. 1 
paper ‘for chromatography”’ is used without any purification. 

Preparation of Urine Extracts—Enzymic hydrolysis of steroid 
conjugates with a “@-glucuronidase’”’ preparation is followed by 
preparation of neutral chloroform extracts of the urine (1). 
Suitable portions of the urine extract are taken for estimation of 
total “‘acetaldehydogenic substances”’ and for chromatography. 
A portion equivalent to 5 ml. of urine is usually sufficient for 
total AGS. Amounts taken for chromatography depend on the 
expected steroid levels; the equivalent of 25 ml. of urine from 
normal adults is used. 

Estimation of Acetaldehydogenic Substances—The apparatus 
is shown in Fig. 1. Ethanolic solutions of steroids or of urine 
extracts are evaporated in oxidation tubes A in a water bath 
under a stream of nitrogen to about 1 ml. Evaporation to 
dryness is then carried out under reduced pressure with warming 
on a water bath to ensure the complete removal of ethanol. To 
the residue 0.1 ml. of glacial acetic acid is added, and the tubes 
are warmed slightly and rotated to wet any residue adhering to 
the sides of the tube. Equal volumes of 0.12 m periodic acid 
in 0.4 Nn sulfuric acid and 1 per cent glycine in 0.4 N sulfuric acid 
are freshly mixed and 1-ml. portions of the mixture pipetted into 
the oxidation tubes. The aeration head is coupled up imme- 
diately and the bisulfite trap tube B containing 0.5 ml. of 1 per 
cent sodium bisulfite solution placed in position. A slow stream 
of air purified by passage through a wash bottle containing 
concentrated sulfuric acid and then through a soda lime tower 
is passed by an air distributor C to the tubes arranged in parallel. 
Individual adjusters D control the air flow through each tube and 
are set to give an air flow of about 5 ml. per minute. The flow 
rate is not critical and may be adjusted by observing the bubble 
rate and bringing this to a value known to correspond to approxi- 
mately 5 ml. per minute. It is convenient to use sets of 10 to 
20 oxidation-aeration units simultaneously. 

After 1 hour of oxidation with aeration, the oxidation tubes are 
raised and the trap liquid allowed to drain from the tip of the 
unit for 30 seconds. To the bisulfite trap solutions is added 3.5 
ml. of concentrated sulfuric acid with stirring with a glass rod 
to ensure mixing. The solutions are cooled for 15 minutes in an 
ice-water bath and then to each tube 0.02 ml. of 4 per cent copper 
sulfate solution and 0.02 ml. of 1.5 per cent 4-hydroxydiphenyl 
solution in 0.1 N NaOH are added from calibrated dropping 
pipettes. The solutions are stirred with glass rods and kept in 
the ice bath for 1 hour with stirring repeated after 30 minutes. 
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steroid and urine extract chromatogram strips indicates the 
: position of the acetaldehydogenic steroids in the latter, 4 D 

a complete separation of pregnanctriol, pregnanetriolone, and 


C) we (D) x ) pregnanctetrol is obtained (Fig. 2), but isomers of pregnanctrig| 


are incompletely resolved in this chromatogram. The acetal. ce 
dehydogenic steroids are eluted with hot methanol (1) from the 7 
tie i omen relevant sections of the remaining 1 cm. wide urine extract 
strips from the first chromatograms. The eluted substances are 
rechromatographed for 8 to 10 hours in a descending run with 
the benzene-formamide system. This second chromatogram 
further purifies the steroids and separates the isomeric triols, 
For optimal purification of pregnanetriolone and pregnanctetrol, 
in SCALE (CM) these two steroids may be run separately from the triols in the T 
second chromatogram and in this case are chromatographed for 
24 to 30 hours. Again the positions of the steroids are deter. 
(A) _~ mined by the phosphoric acid test on 0.5 em. wide cuts from the 
second chromatograms. According to the results of this test, 
a sections containing acetaldehydogenic steroids are cut from the 
remaining 1 cm. wide portions of the chromatograms. These 
sections are treated with periodic acid and their AGS content 

estimated. 
The amount of urine extract applied to the first chromatogram 


{\ 


Fic. 1. Apparatus for the estimation of acetaldehydogenic 


substances. Oxidation of a urine extract or of substances on Should not exceed the equivalent of 30 ml. of urine to a 1.5 em. 
pieces of paper chromatogram is carried out in tube A and acetal- — wide strip; on the second chromatogram, purified extracts equiva- 
dehyde formed is aerated into trap tube B. lent to up to 10 times this concentration may be chromatographed mA 


| . without appreciably affecting resolution of the steroids. 
Excess 4-hydroxydiphenyl is destroyed by heating the tubes in a Detection of Steroids on Paper Chromatograms—By dipping 
boiling water bath for 1.5 minutes. The optical densities of the — dried paper chromatogram strips in 70 per cent phosphoric acid | 


solutions at 565 my are determined and compared to a calibra- — <olution and heating at 87-90° on an enamel tray for 10 minutes giv 
tion curve to obtain the amount of acctaldehy dogenic substance under conditions developed for pregnanetriolone and pregnane- bu 
of pregnanetriol standard. Alternatively  triol (1), acetaldehydogenic steroids give the distinctive colors 
pregnanctriol standards may be oxidized with each set of estima- na 
tions. Some precautions to be taken in this color reaction have wa | aH re le 
hoon mated (0). estimate of the amount of the steroid present may be obtained ia 

Estimation of AGS on Paper Chromatograme—Sections of dried from this test by comparison of intensities and areas of the spots "ie 
paper chromatograms are cut into pieces approximately 2 mm. against standards. in 
square and placed in the oxidation tubes A. Not more than for 
3 cm. of paper should be placed in a tube to avoid interruption A. ETHYLENE DICHLORIDE / FORMAMIDE 
of the air flow. The above procedure as described for urine SOLVENT FRONTS (HORIZONTAL RUN) ORIGIN be 
extracts is then carried out. — pel 

Chromatography—Zaffaroni type chromatograms are run Im x be 
horizontally (7) or as descending chromatograms, with the sol 
solvent systems benzene-formamide or ethylene dichloride- B. BENZENE /FORMAMIDE 
formamide, and with the chromatogram paper being impregnated SF (HORIZONTAL RUN) ° ant 
with formamide-methanol, 1:1, before spotting on urine extracts chr 
(1). I xu pre 

Chromatogram strips 1.5 em. wide with a pencil line marked ent 
0.5 cm. from the edge are prepared, and portions of urine extract c. BENZENE /1 FORMAMIOS anc 
are applied to duplicate strips. A simple procedure with a (DESCENDING RUN, 10 HOURS) °. rea 
standard technique (1) is to use capillary tubes of approximately €£2B2 2 _ oa it g 
0.3-mm. bore and 15-cm. length for transferring extracts to paper fro 
chromatograms. A first chromatogram in ethylene dichloride- for 
formamide is run horizontally for 2 hours with the solvent front | i 7" en! dis’ 
traveling about 25 cm. from the origin. Mixtures of standard Fic. 2. Chromatographic separation of ascoteldchydammll (Fi 
steroids are chromatographed simultaneously on another strip. steroids. Horizontal chromatogram in ethylene dichloride- inf 
After running, chromatograms are dried in an air oven at 90° formamide, A; in benzene-formamide, B. Descending chroma- a t 
for 30 minutes. Strips 0.5 cm. wide are cut off the chromato- togram (10 hrs.) in benzene-formamide, C. Steroids indicated | ¢hy 
grams and are used in the phosphoric acid test to detect the "ain tric 
positions of the steroids. 17a,20a-triol (IV), 58-pregnane-3a,17a,20a-triol-ll-one (V), 


A comparison of the results of the color test on the standard —58-pregnane-3a, 118, 17a, 20a-tetrol (VI). me: 
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TABLe I 
Detection of acetaldehydogenic steroids on paper chromatograms 
by color and fluorescence reaction 
Paper chromatograms containing steroids are dipped in 70 per 
cent phosphoric acid, blotted, and heated at 87—-90° for 10 minutes. 


After heating on paper with 70°; 
phosphoric acid 


Steroid | | Minimum 
| Color Fluorescence in | 
daylight | light (3600 A) tectable 
| pg./em2 
Triol group | 
58-Pregnane-3a,l7a,20a- | | | 
Il. 58-Pregnane-3a,17a,208- | | 
_.... Purple Violet-pink 1-2 
Ill. Pregn-5-ene-38, 17a ,20a | | 
IV. 5a-Pregnane-3a, 17a, 20a- | | 
Purple) Pink-brown 1-2 
53-Pregnane-3a, ,20a-triol- | 
......| None | Blue-violet 0.3-0.6 
58-Pregnane-3e , 118, 17a, 20ea- | | | 


RESULTS AND DISCUSSION 


Chromatography—The ethylene dichloride-formamide system 
gives results similar to those obtained with chloroform-formamide, 
but has the advantage that it need not be freshly purified before 
use. Separation of urinary AGS into three main groups, preg- 
nanetriols, pregnanetriolone, and pregnanetetrol, with the latter 
clear of the pigment band near the origin, occurs with the ethyl- 
ene dichloride-formamide system. The minor pregnanetriol 
isomers which are not completely separated from pregnanetriol 
ina horizontal run are well separated with the use of benzene- 
formamide in a second descending chromatogram. 

Chromatograms impregnated with propylene glycol cannot 
be used, since the glycol vields acetaldehyde on oxidation with 
periodic acid. Otherwise most chromatographic systems should 
be satisfactory for use with the estimation of AGS provided 
solvents are dried off the paper before estimation. 

Detection of Steroids on Paper Chromatograms—The single color 
and fluorescence reaction is carried out directly on the paper 
chromatograms under the conditions originally developed for 
pregnanetriolone (6). The steroids in Table I may be differ- 
entiated by their fluorescence or color in the phosphoric acid test 
and by their chromatographic behavior. Pregnanctriolone is 
readily detected because of the unusual blue-violet fluorescence 
it gives in the test. Pregn-5-ene-38 , 17a, 20a-triol just separates 
from pregnanctriol in the 25-em. horizontal ethylene dichloride- 
formamide chromatogram, and the yellow fluorescence it gives 
distinguishes it from pregnanetriol which gives a pink fluorescence 
(Fig. 2). Interference in the test by other urinary substances is 
infrequent and has been discussed (1). De Courey has described 
a test which gives colors with some of these steroids on paper 
chromatograms, but it is noteworthy that in the test pregnane- 
triolone gives no color (8). 

Estimation of AGS—The use of periodate oxidation and the 
measurement of acetaldehyde formed are particularly satis- 
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factory for the estimation of this group of steroids. It is specific 
for glycols having the strueture CH;-CHOH-C(OH)R’R” and 
thus, among known steroids, for the compounds in Table I. 
Such steroids may be considered as derivatives of propylene 
glycol and may be said to have a propylene glycol side chain at 
C-17. Steroid 17,20-ketols and 17 ,20,21-triols which may yield 
acetic acid or formaldehyde do not interfere in the estimation 
of AGS (4). The colorimetric method used is precise and sensi- 
tive and is satisfactory in urinary assays with 2 wg. or more of 
the steroids. With a l-cem. light path cell, an absorbancy of 
0.03 per ug. of steroid oxidized is normally obtained. Calibra- 
tion curves are linear within the range of 2 to 25 ug. of steroid. 
With the oxidation method no interference with the color reac- 
tion by substances in neutral chloroform extracts of urine has 
been noted. In particular, background colorations have been 
negligible even with unchromatographed urine extracts (Fig. 3), 
since the volatile acetaldehyde formed on oxidation is aerated 
out of the reaction mixture at room temperature, and is estimated 
uncontaminated by urinary pigments or chromogens. The 
known acetaldehydogenic steroids react quantitatively and give 
equimolar amounts of acetaldehyde, and on a weight basis give 
from 99 to 105 per cent of the amount of acetaldehyde given by 
an equal weight of pregnanetriol. Thus, within experimental 
error, the acetaldehydogenic steroids are all equally chromogenic 
in this method. 

Estimation of AGS on Paper Chromatograms—It seemed pos- 
sible that the oxidative estimation of acetaldehydogenic steroids 
could be carried out directly on portions of paper chromatograms, 
and thus an elution stage could be avoided. For the formamide- 
impregnated paper chromatograms in use, several questions 
required investigation, including possible interference by the 
paper and by solvents (especially formamide) and the effects 
of the drying procedure on the recovery of steroids. 

Results showed that blanks were negligible from Whatman 
No. 1 or No. 4 paper as supplied, from paper impregnated with 
formamide-methanol, 1:1, whether the formamide was subse- 
quently removed by drying or not, and from chromatograms run 


0:3 
PREGNANE TRIOL 
7 Spy 


EXTRACT FROM 
3 ML. URINE 


PREGNANE 
TRIOL 

EXTRACT FROM 2 Suy 

| ML. URINE 


ABSORBANCE 


450 500 550 600 650 
WAVELENGTH (ms) 


Fic. 3. Absorption curves of solutions obtained in estimating 
pure pregnanetriol and urinary acetaldehydogenic substances. 
Pregnanetriol at 2.5- and 7.5-yg. levels; portions of an unchroma- 
tographed urine extract from a normal man in amounts equivalent 
to 1.0 and 3.0 ml. of urine. The absence of interfering chromogens 
from the urine extract is evident. 
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TaBLe II 
Recovery of steroids added to urine 
The urine from a healthy 3l-vear-old man was incubated with 
8-glucuronidase for hydrolysis of steroid conjugates before addi- 
tion of test steroids. Amounts of steroid added to each 25-ml. 
aliquot of urine were: pregnanetriol, 26.3 uwg.; pregnanetriolone, 
13.3 wg.; and pregnanetetrol, 5.0 ug.; total, 44.6 ug. 


xtract from urine aery 

Compound estimated urine alone added dded 
steroid steroid 


ug. Steroid found/25ml. urine) 


Total acetaldehydogenic substances | 
in unchromatographed extracts 23.3, 22.6 66.0, 63.4) 94 
After Ist chromatogram* 
Pregnanetriols 8.4, 8.8 /31.8, 33.5) 92 
Pregnanetriolone region... . 0.9, 1.7 (11.2, 15.8) 92 
Pregnanetetrol region....... ...1 1.3, 1.7 | 6.2, 6.7 | 
After 2nd chromatogramft 
Pregnanetriolone................. 0.0, 0.1 12.0, 14.0, 97 
0.0, 0.0 4.8, 4.2 90 


* In the solvent system ethylene dichloride-formamide, hori- 


zontal run. 
t In the solvent system benzene-formamide, descending run. 


in the solvent systems benzene-formamide or ethylene dichloride- 
formamide. In the case of the latter, the paper was partly dried 
for 10 minutes to remove benzene or ethylene dichloride. For 
all the above estimations of “‘blanks’’ carried out, the mean and 
standard deviation were 0.13 + 0.1 ug. of “pregnanetriol’’ per 
em.? of paper. 

Recovery of pregnanetriol added to formamide-impregnated 
paper was tested with 2 to 40 ug. of steroids with and without 
removal of formamide by drying the paper. Recoveries were 
satisfactory and no interference due to formamide on the undried 
paper was found. Also, drying of the formamide-impregnated 
paper in an air oven at 90° for up to | hour did not result in any 
loss of pregnanctriol. Recovery of mixtures of pregnanetriol, 
pregnanetriolone, and pregnanetetrol after chromatography and 
after elution was quantitative. The mean recovery and standard 
deviation in the above tests was 99 + 4.9 per cent. 

In the suggested procedure one-third of a chromatogram strip 
is used in the color reaction for the detection of the steroid 
positions, and the remaining portion is used for estimation by 
periodate oxidation of the steroids on the paper. No significant 
error (0.1 > P > 0.05) or change in precision (0.2 > P > 0.1) 
is introduced by the procedure. This was shown by tests with 
5- and 10-yug. amounts of pregnanetriolone in which recoveries 
and standard errors of the means were 98 + 1.6 per cent in 
estimations on two-thirds of the width and 95 + 1.0 per cent on 
the whole width of chromatogram strips. 

Recovery of Steroids Added to Urine—The recovery of pregnane- 
triol, pregnanetriolone, and pregnanetetrol added at different 
concentrations to urine after hydrolysis is shown in Table IT, 
Satisfactory recoveries were obtained at each stage in the proce- 
dure through the two chromatographic purifications. In the 
crude unchromatographed extract the added steroids were esti- 
mated as a total with a recovery of 94 per cent. The steroids 
were added to portions of the urine at levels which corresponded 
to 1.53 mg. per 24-hour pregnanetriol, 0.77 mg. per 24-hour 
pregnanectriolone, and 0.29 mg. per 24-hour pregnanetetrol, these 
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values being within the ranges in which the steroids have been 
observed in urine (Table IIL). 

The difference between the pregnanetriolone and pregnane- 
tetrol values for the “urine alone’’ on the first and second chroma- 
tograms indicates the incomplete resolution in the first chroma- 
togram of other AGS from these steroids. Such AGS cannot be 
pregnanetriolone or pregnanetetrol, since it does not appear in 
the second chromatogram, whereas the steroids added to the 
urine are recovered in good yield after the second chromatogram, 

AGS in Urine—The levels of AGS which have been found in 
some urine samples by the methods described are noted in Tables 
III and IV. These values are consistent with previous values 
estimated from quantitative or isolation studies (1, 3-5, 9). In 
the case of pregnanetetrol and the minor triol isomers, quantita- 
tive levels are given for the first time. 

The difference between the “total AGS” and the sum of the 
known acectaldehydogenic steroids estimated indicates the pres- 
ence of unknown urinary AGS. Most of the AGS in the extracts 
from the patients with adrenal hyperplasia are accounted for by 
the known steroids, whereas with urines from normal subjects 
unknown substances account for the major portion of total AGS, 
This difference may be only a relative one, since the known 


III 


Acetaldehydogenic substances (AGS) and steroids excreted in urine 
by normal and diseased people 


mg./24 mg./24 meg./24 mg./24 
Ars. be. hrs. rs. 
Normal 
Female, MT...........| 19 1.2 0.5 0.0 0.0 
Male, RMP............| 2 1.6 0.4 0.0 0.0 
Male, AWB............ 31 1.3 0.6 0.0 0.0 
Adrenal hyperplasia 
IS | 58 36 10 3.1 
Adrenocortical carcinoma 
Preoperative. ....... | 56.0 2.4 0.0 0.0 
Postoperative... | 5.1 1.2 0.0 0.0 
Female, MWt.......... 53 | 24 - 10 0.0 0.0 


* Expressed as pregnanetriol. 

t The patient had an adrenocortical carcinoma with associated 
gynecomastia; excretion of total estrogens (estriol, estradiol, and 
estrone), 1.4 mg. per 24 hours before removal of the tumor and 
0.03 mg. per 24 hours after removal. 

t Virilizing carcinoma with excessive 17-ketosteroid excretion. 


TaBLe IV 
Levels of 58-pregnane-3a,17a,20a-triol and related triols in urine* 


Triol III | Triol IV 


Subject Triol I Triol II 
mg./24 hrs. mg./24 hrs..mg./24 brs.mg./24 hrs. 
0.5 0.05 0.1 0.07 
Normal, MT.............. | 0.4 | 0.03 | 0.08 | 0.05 
Adrenal hyperplasia, CJ...) 9.2 0.2 2.0 0.2 
Adrenal hyperplasia, RM....| 30 0.8 4.7 0.4 
Adrenal carcinoma, MW... .. 6.4 0.5 3.6 0.3 


* The triols corresponds to those in Table I. 
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acetaldehydogenic steroids are excreted at relatively high levels 
by the patients with adrenal hyperplasia. The presence of 
pregnanetriolone, and of pregnanctetrol which is probably asso- 
ciated with it, in the urine of patients with adrenal hyperplasia 
is in contrast to the absence of these steroids from the urine of 
the other subjects. The characteristic excretion of pregnane- 
triolone by patients with some forms of adrenal hyperplasia has 
been discussed (1, 10). 

Specificity of Method—The basis for considering the method 
specific for the steroids noted is, first, the behavior of compounds 
on two successive chromatograms. The phosphoric acid detec- 
tion test gives colors and fluorescence with the steroids, and these 
reactions are correlated with chromatographic behavior. Finally, 
the quantitative periodate oxidation yields acetaldehyde only 
from steroids with a propylene glycol type side chain; the results 
of this assay can be compared to the semiquantitative estimate 
(1) of steroid level obtained in the phosphoric acid test. 
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SUMMARY 

A method is described for the quantitative estimation of as 
little as 2 yg. of 58-pregnane-3a,17a,20a-triol, 58-pregnane- 
3a ,17a,20a-triol-ll-one, and four related steroids directly on 
paper chromatograms. Periodic acid oxidation is used followed 
by estimation of acetaldehyde formed from the steroid C-17 
side chain in a specific reaction. The separation by horizontal 
and descending paper chromatography of the six relevant steroids 
is detailed together with a phosphoric acid test for detecting the 
steroids on paper chromatograms. The method is applied to 
the study of urinary steroids. A general procedure for estimation 
of the six steroids in human urine is given and the use of the 
method illustrated with the results of typical assays. 
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In previous Publications from this laboratory (2-4), it was re- 
ported that the conversion of phosphorylase 6 to phosphorylase 
a, in the presence of Mg**, ATP, and phosphorylase 6 kinase, 
resulted in the incorporation of 4 moles of phosphate per mole of 
phosphorylase a, according to Reaction | (4): 


phosphorylase 6 


kinase 
2 phosphorylase 6 + 4ATP Mn** or Me™ > 


phosphorylase a + 4ADP (1) 


In order to investigate the mode of binding of the phosphate 
groups to the protein molecule, P-labeled phosphorylase a was 
prepared with the use of ATP®. The labeled enzyme was then 
subjected to a tryptic attack and the radioactive phosphopep- 
tides released were isolated according to conventional procedures. 
Three pure, closely related phosphopeptides were obtained and 
their structure and amino acid sequence determined. 


EXPERIMENTAL 
Materials 


Crystalline P-labeled phosphorylase a was prepared as de- 
scribed previously (4), with the use of crystalline phosphorylase 
b (5), Mg**, phosphorylase 6 kinase, and purified P*-labeled 
ATP! (6,7). The labeled phosphorylase a produced was purified 
by precipitation with ammonium sulfate and crystallized as de- 
scribed (4). Trypsin and chymotrypsin were purchased from the 
Worthington Biochemical Corporation as twice crystallized ma- 
terials containing approximately 50 per cent MgSO 4. They were 
dialyzed overnight in the cold against dilute HCl, pH 3.0, and 
kept frozen at this pH. Immediately before use, their solutions 
were neutralized to pH 7.0 with 10-°n NaOH. Carboxrypeptidase 
A, twice crystallized,? was a generous gift from Muss Barbara 


* Supported by a research grant (A-859) from the National In- 
stitutes of Health, United States Public Health Service. 

7 A preliminary account of this work has been reported (1). 

t Predoctoral fellow of the National Institute of Arthritis and 
Metabolic Diseases, United States Public Health Service. 

‘Where large amounts of P*-labeled phosphorylase a were 
needed, the conversion of phosphorylase b to a was carried out 
directly with a crude ATP*® solution obtained from the oxidative 
phosphorylation incubation mixture described by Kielley and 
Kielley (6) rather than with purified ATP*. The crude incuba- 
tion reaction mixture is used after perchloric acid precipitation 
and neutralization with KOH. 

2 Carboxypeptidase A was prepared from an acetone powder of 
beef pancreas glands by a procedure developed in Dr. H. Neu- 
rath’s laboratory. 


Allen. Carboxrypeptidase B was prepared by the method of Folk 
and Gladner (8) and was generously supplied by Dr. J.-F. 
Pechére. Leucyl-aminopeptidase was purified according to the 
procedure of Smith et al. (9), omitting the final starch zone-elee- 
trophoresis step. 


Methods 


Control of Tryptic Attack of P-labeled Phosphorylase a—In the 
experiment designed to control the release of bound phosphate 
from phosphorylase a, neutralized trypsin was added in various 
amounts to a solution of 4.7 mg. of P-labeled phosphorylase a 
(3530 ¢.p.m. per mg.), pH 7.5, bringing the final volume of the 
reaction mixture to 0.8 ml. At various times 0.1-ml. samples 
were removed, added to graduated centrifuge tubes containing 
1.0 ml. of a cold solution of carrier albumin (2.5 mg. per ml.), 
and the mixtures were immediately precipitated by addition of 
an equal volume of 10 per cent trichloroacetic acid. The sus- 
pensions were centrifuged after standing for 15 minutes at 0°. 
Aliquots of the supernatant solutions were plated and counted 
for determination of the radioactivity released from the protein. 
As a control, if needed, the pellets were also taken up in 80 per 
cent formic acid to a volume of 1.0 ml. and aliquots were plated, 
dried at moderate heat under a stream of air, and counted. 

Preparative Tryptic Attack of P®-labeled Phosphorylase a—P*- 
phosphorylase a, 200 to 300 ml., (approximately 25 mg. per ml.), 
treated with cysteine and freed from AMP as described under 
“Results,” pH 7.2 to 7.5, 25°, is mixed with an equal volume 
of a neutralized solution of trypsin. A Ll to 1 molar ratio of 
trypsin to phosphorylase a is used, corresponding approximately 
to a 1/20 weight ratio. After 1.0 to 1.5 minutes, the reaction is 
blocked by addition of 0.1 volume of cold 50 per cent trichlo- 
roacetic acid and the suspension is cooled in ice for 15 to 20 
minutes. This suspension is bright yellow at first, but turns 
colorless due to the fact that pyridoxal 5’-phosphate, present in 
phosphorylase as a substituted aldamine (10, 11), is transformed 
to a hydrogen-bonded Schiff base before being hydrolyzed. 
The suspension is centrifuged, the precipitate is washed twice 
with 50 ml. of cold 3 per cent trichloroacetic acid, and recentri- 
fuged; the combined supernatant solutions are extracted five 
times with an equal volume of peroxide-free ether and freeze- 
dried. 

Ion Exchange Chromatography of P*-labeled Peptides—The 
orange colored residue obtained above is taken up in approxi- 
mately 25 ml. of water, the solution is adjusted to pH 3.0 with 
HCl, and chromatographed according to the procedure of Hirs 
et al. (12), slightly modified in that the Dowex 50-X2, 200 to 400 
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mesh resin used in the operation is thoroughly washed with 10-4 
yacetic acid, after being charged with the 0.2 Mm Na-citrate buffer, 
pH 3.1 (13). Once the material has been introduced in the col- 
umn (0.9 X 120 ¢m.), the latter is washed with 10°? mM acetic acid 
until a small, fast moving radioactive Fraction A (see Fig. 3 be- 
low) has been eluted (approximately 200 ml.). By this pro- 
cedure, Fraction A is obtained directly free from salts. The bulk 
of the radioactive material, representing over 95 per cent of the 
total, remains absorbed at the top of the column. It is eluted 
with the 0.2 mM citrate buffer, pH 3.1, then starting with Fraction 
80, by gradient elution obtained by introducing 1 Mm citrate-ace- 
tate buffer, pH 5.1, (13) to a mixing flask containing 250 ml. of 
the pH 3.1 buffer (0.5 per cent BRIJ from the Atlas Powder 
Company is added to the two buffers). The flow rate is adjusted 
at about | drop per 15 seconds (5 minutes per ml.) for the salt 
elution; fractions of 250 drops corresponding to approximately 
10 ml. are collected. 

The three radioactive Fractions A, B, and C are collected; A 
is freeze-dried without further treatment while B and C are first 
desalted by the procedure of Haugaard and Haugaard (14), with 
the use of Dowex 50-X4, 100 to 200 mesh. 

High Voltage Paper Electrophoresis and Paper Chromatography 
—Paper electrophoresis was carried out according to the pro- 
cedure of Ryle et al. (15), in pyridine acetate buffers pH 3.6 and 
6.5, usually for 1 hour at 2000 volts. Sheets of Whatman No. 3 
paper, 20 X 60 cm., were used, on which up to 3 wmoles of radio- 
active peptides could be streaked at a time. Preparative paper 
chromatography of peptides was carried out on Whatman No. 3 
paper in the butanol:acetic acid:water solvent (4:1:5). After 
the runs, the papers were dried and the radioactive bands, identi- 
fied by radioautography with Eastman Kodak ‘“‘no screen” 
x-ray film, were cut out and eluted downwards with water? The 
eluates were freeze-dried. 

Hydrolysis of Peptides for Amino Acid Analysis—To samples 
of 5 to 25 wl. containing 0.05 to 0.1 umole of peptides, 0.3 ml. of 
twice redistilled, azeotropic 5.7 N HCl was added. The solu- 
tions were frozen in a dry ice-acetone mixture, and the tubes 
sealed under vacuum. Hydrolyses were then carried out by 
placing the sealed tubes in the vapor of refluxing isobutanol 
(107°). Hydrolysis was usually complete after 16 to 24 hours. 
The tubes were cooled before opening, frozen in a dry ice-acetone 
mixture, and dried in an oil pump vacuum over NaOH. 

Quantitative Amino Acid Analysis—The amino acids present 
in the 12-, 16-, and 32-hour hydrolysates were separated by chro- 
matography in the butanol-acetic acid solvent, quantitatively 
eluted from the paper, and analyzed by the ninhydrin method 
(16). The amino end group analyses were performed with the 
use of the FDB* method of Sanger (17), as given by Fraenkel- 
Conrat ef al. (18). The dinitrophenyl amino acids were identi- 
fied by paper chromatography in the butanol-acetic acid and the 
the tertiary amyl alcohol-phthalate systems (18). The carbory 
end group analyses were performed by the use of carboxypeptidase 
A and B. 

Determination of Amide Nitrogen—The method of Conway and 
Byrne (19) as applied by Wilcox et al. (20) was used. Glutamine 
and ammonium sulfate were used as standards in both 2 Nn NaOH 
and 0.05 m borate buffer, pH 9.7. The difference in amounts of 


* For the elution of peptides, 10-? m ammonia was more effec- 
tive than water and was generally used. 

‘The abbreviations used are: FDB, fluorodinitrobenzene; DFP, 
diisopropyl phosphorofluoridate. 
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ammonia liberated in these two test systems in 16 hours at room 
temperature was found to be a measure of the total amide nitro- 
gen present. The ammonia was determined by the colorimetric 
method of Moore and Stein (21). 

RESULTS 

Acid and Base Hydrolysis of P*-labeled Phosphorylase a—The 
acid-base lability of P® in phosphorylase a was investigated in 
order to determine the nature of the phosphate bond. — It is well 
known that O—P bonds in proteins are labile in base but stable 
in acid (22). Although it has never been demonstrated, the con- 
trary can be assumed to be true for N—P bonds in proteins. 

HCl or NaOH was added to crystalline suspensions of phos- 
phorylase a at 30° to a final concentration of 0.25 Mm. At various 
intervals of time samples were removed and neutralized. The 
denatured protein was removed by centrifugation, and the super- 
natant fluid was analyzed for inorganic P*. High voltage paper 
electrophoresis, by which inorganic P can be effectively identified, 
indicated that only inorganic orthophosphate was released. Fig. 
1 shows that the phosphate bond was labile in base but stable in 
acid, which is characteristic of an O—P bond such as would be 
expected for a peptide containing « serylphosphate residue. 

To check the possibility that an N—-P to O—P transfer might 
precede hydrolysis of the bound phosphate, a hydrolysis was also 
carried out in 5.8 M urea which might be expected to interfere 
with such a transfer reaction (23). No change was observed in 
the stability of the phosphate bond under these conditions. 

Tryptic Attack of P*-labeled Phosphorylase a—When_ phos- 
phorvlase 6 (24) is converted to phosphorylase a (25) through 
phosphorylation by ATP, Mg**, and phosphorylase 6 kinase, it 
loses its absolute AMP requirement. Two enzymes have been 
described that can convert phosphorylase a back to a form show- 
ing a complete requirement for AMP, namely, PR enzyme 
(26, 27) and trypsin (26, 28). The actions of these two enzymes 
on P-labeled phosphorylase a were investigated with the hope 
that they might provide some information on the mode of bind- 
ing of the phosphate group to the phosphorylase molecule and 
the site actually involved in this binding. PR enzyme was 
found to be unsuitable for this study, as it catalyzes the hydroly- 
sis of the bound phosphate (Reaction 2) acting, therefore, as a 
specific protein phosphatase (1). Trypsin, however, was found 
to liberate the bound phosphate in the form of a nontrichloro- 
acetic acid-precipitable organic derivative, according to Reac- 
tion 3: 


PR e > 
phosphorylase a (2) 


2 phosphorylase 6 + inorganie P% 


4 100- 0.25 M NaOH 
e 
80- 
S 60- 
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0 O25MHCI 
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Fic. 1. Acid and base hydrolysis of P*-labeled phosphorylase 
a. The liberation of P* in 0.25 m HCI and 0.25 m NaOH at 30° is 
plotted against time. 
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P%2_phosphorylase a (3) 


2 phosphorylase b’ + organic P® + nonlabeled peptides 


Although phosphorylase 6 and 6’ produced in these reactions are 
both enzymatically active when tested in the presence of AMP, 
they differ in that only phosphorylase 6, produced in the PR en- 
zyme-catalyzed reaction, can be reconverted back to phosphoryl- 
ase a according to Reaction 1. 

In order to determine the optimal conditions under which 
maximal release of the bound labeled phosphate could be 
achieved, for a minimal over-all degradation of the enzyme, the 
factors affecting the tryptic attack of phosphorylase a were in- 
vestigated. AMP was found to inhibit the tryptic attack and, 
therefore, phosphorylase a to be used in the reaction was subse- 
quently freed from this nucleotide. Addition of 0.01 m eysteine 
directly to the reaction mixture resulted in a considerable increase 
in the over-all breakdown of the protein molecule, and was 
avoided. On the other hand, tryptic degradation of an enzyme 
preparation which had stood for 2 to 3 weeks in the cold before 
use proceeded poorly, but the rate of release of P®* could be re- 
stored by a pretreatment of the enzyme with cysteine. The pro- 
cedure for the preparation of phosphorylase a preceding the 
attack which appeared to give the best results consisted of dis- 
solving phosphorylase a crystals in 0.03 M neutralized cysteine at 
room temperature (final concentration of protein between 10 and 
20 mg. protein per ml.), passing the solution through a charcoal 
column (5), and dialyzing the AMP-free enzyme overnight 
against water brought to pH 7.5 by NH,OH to get rid of the 
cysteine. 

The rate of release of bound P® was measured at various con- 
centrations of trypsin (Fig. 2). As can be seen, there is a sudden 
release of nontrichloroacetic acid-precipitable counts followed by 
an appreciable slowing down of the reaction rate. In the first 
rapid phase of the reaction at high trypsin to phosphorylase a 
ratios, over 90 per cent of the bound P® can be released while 95 
per cent of the protein still precipitates in trichloroacetic acid. 

Purification of P*-labeled Phosphopeptides—The radioactive, 
trichloroacetic acid-soluble material released from a preparative 
tryptic attack of phosphorylase a was first purified by column 
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Fic. 2. Release of trichloroacetic acid-soluble P*?-labeled ma- 
terial from phosphorylase a at various concentrations of trypsin. 
kixperiment carried out at 25°, as indicated under ‘‘Methods.”’ 
The molar ratios of trypsin to phosphorylase were: Curve A, con- 
trol with no trypsin; Curve B, 0.165; Curve C, 0.33; Curve D, 0.66; 
Curve E, 1.32. 
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Fic. 3. Chromatography of trichloroacetic acid-soluble ma- 
terial obtained from tryptic degradation of P*-labeled phosphor- 
ylasea. The separation is obtained on a 0.9 K 120-cm. column of 
Dowex 50-X2. On the left ordinate, optical density at 570 my 
for each effluent fraction after treatment with ninhydrin reagent 
is plotted. On the right ordinate, counts per minute are plot- 
ted. No corrections for base-line absorption have been applied. 


chromatography as described under ‘‘Methods,” and the radio- 
active Fractions A, B, and C (Fig. 3) were collected. 

On paper electrophoresis at pH 6.5, Fraction C showed the 
presence of one major radioactive band, and two minor radioac- 
tive bands representing approximately 1 per cent of the total 
radioactivity in Fraction C. These minor bands were identified 
as peptides A and B by their electrophoretic mobilities at pH 3.6 
and 6.5, and their Rr values on chromatography in the butanol- 
acetic acid system. In addition, as expected, several nonradio- 
active peptides were also present in Fraction C. Only the three 
radioactive bands were eluted for further purification (the minor 
peptides A and B were added to Fractions A and B). The final 
purification was carried out by large scale paper chromatography 
in the butanol-acetic acid system which served to remove any 
remaining peptide contaminants still present along with the ra- 
dioactive peptide C.® 

Fractions A and B were also further purified by paper electro- 
phoresis followed by paper chromatography, to obtain the pure 
radioactive peptides A and B, respectively. 

Table I summarizes the percentage recovery and distribution 
of the various radioactive fractions in a typical preparative run. 

Properties of Purified Radioactive Peptides—The peptides from 
the three fractions obtained as described above give a single 
radioactive and ninhydrin-staining spot (except peptide A) when 
analyzed by paper electrophoresis at pH 3.6 and 6.5, and by 
paper chromatography in the butanol-acetic acid solvent. Their 
properties are listed in Table IT. 

Quantitative analysis on three different preparations of purified 
peptide C indicated a 1 to 1 ratio of each amino acid to P®, with 
the following average values: Lys, 0.97; Glu, 0.94; Lleu, 1.08; 
Ser, 1.05; Val, 0.91; Arg, 1.03. 

Genealogy of Peptides A, B, and C—The preceding results 
seemed to indicate that the first phosphopeptide released in the 
tryptic attack is a hexapeptide, which is transformed to two la- 


5 Peptide C, in the final chromatographic step, often appears as 
though it might consist of two distinct radioactive bands mi- 
grating extremely close to one another. Separate elution of each 
of these two bands gave materials which could not be distinguished 
from one another by amino acid analysis, end-group analysis, and 
behavior in subsequent enzymatic attack, so that they were rou- 
tinely eluted together. 
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beled pentapeptides, very closely related in that they give the 
same 5 amino acids after hydrolysis, but differing in the fact that 
one of them (peptide B) is neutral at pH 6.5 and ninhydrin posi- 
tive, whereas the second (peptide A) is acidic under the same 
conditions and usually does not react with ninhydrin. In order 
to establish the exact relationship among these peptides, P*-la- 
beled phosphorylase a was subjected to a prolonged tryptic at- 
tack. For the first 2 minutes, the reaction was run at 0° to slow 
down the initial phase. At various times, samples were with- 
drawn from the incubation reaction mixture, rapidly added to 
stall test tubes placed in advance in a boiling water bath to 
block the reaction, and spotted on paper for electrophoretic sep- 
aration. 

It can be seen from Fig. 4 that the first sample, removed and 
boiled immediately after adding trypsin to phosphorylase a, con- 
tains nearly all of its radioactivity in the form of peptide C, al- 
though a definite amount of peptide A was also present. As 
proteolysis proceeds, more peptide A appears while peptide C 
disappears, but contrary to what was expected, at no time was 
there any real indication of the formation of peptide B. The 
only difference in procedure which could have accounted for the 
discrepancy between this experiment and the preparative tryptic 
attack from which peptide B was originally isolated was that, in 
the latter case, the tryptic attack was stopped by precipitating 
the proteins with trichloroacetic acid rather than by boiling. 
To investigate the effect of heating on the formation of the pep- 
tides, the 27-hour hydrolysate was separated into two portions, 
and one was boiled to stop the reaction while the other received 
10 4m DEP to inhibit the trypsin. As can be seen by compar- 
ing these two last samples, in the absence of heating, 70 per cent 
of the radioactivity is in the form of peptide B. When the sam- 
ple is heated, peptide B disappears and peptide A is formed. 

In Fig. 5, the relative amounts of peptides (A + B) and C 
formed in the tryptic digest are plotted against time. [It can be 
seen that under the conditions used in this experiment, within 
the first 10 seconds, two very fast reactions (called Tr | and Tr 
I’) take place, releasing all the radioactivity from phosphorylase 
a in the proportion of 70 per cent as peptide C (Tr 1) and 30 per 
cent as peptides A and B (Tr I’). Ina subsequent, much slower 
reaction (called Tr 11), peptide C is itself converted to peptides 
(A + B). From this and similar experiments, it was calculated 
that the approximate relative rates of these enzymatic reactions 
are Tr i:Tr I’:Tr Il = 4:1: < 0.002. The difference between 
the rates of formation of peptide B from the protein directly and 
from peptide C is another example of how proteolysis of a peptide 
bond can be affeeted by neighboring groups. 

The relationship between peptides A, B, and C can be sum- 
marized as follows: 

C 
Tr “Tr 
Trl’ + 


nonenzymatic 
phosphorylase a , 
heat 

Considering the charge of the six amino acids and the phosphate 
group present in peptide C, this phosphorylated hexapeptide 
should behave as a neutral compound around pH 6, whereas it 
clearly migrates towards the negative pole. Likewise, peptide 
B, which should be acidic, behaves as a neutral compound but 
acquires its expected acidic character when converted to peptide 
A. This discrepancy could best be explained if one assumed 


Fischer, Graves, Crittenden, and Krebs 


1701 


TABLE I 
Recoveries of P®-labeled peptides from tryptic 
attack of phosphorylase a 

Recoveries are given for atypical purification of 360 ml. of pure, 
AMP-free phosphorylase a solution containing 5.2 gm. of protein 
(10.5 pmoles) and 78.5 10° e¢.p.m. (specific radioactivity of P*: 
L.S7 X 10? ¢.-p.m. per wmoles P, corresponding to a total of 42 
moles P). 


Bractions Total recovery of radioactive 
. material in each fraction 


10% poles 


Original P*-labeled phosphorylase 78.5 42 100 
Trichloroacetic acid supernatant so- 

lution after tryptic attack... 38.2 
Fractions collected after Dowex 50 

column chromatography*. 64.7 34.7 $2.5 
Fractions eluted after high voltage 

paper 37.6 20.2 48.0 
Fractions eluted after paper chroma- 


* The distribution of radioactivity in the various fractions was 
as follows: A, 8 per cent; B, 14 per cent; C, 78 per cent. 

+ The low vield obtained for this step (58 per cent) results from 
the fact that (a) the desalting of the fractions obtained from col- 
umn chromatography ts included in it, and (6) in cutting out the 
radioactive bands to be eluted, purity rather than high vields was 
desired. 

t The final distribution of radioactivity in the various fractions 
was as follows: A, 14 per cent; B, 4 per cent; C, 82 percent. The 
increase in peptide A at the expense of peptide B is due to the con- 
version of peptide B to A which will be discussed later. 


Il 
Properties of purified phosphopeptides A, B, and € 


Properties Peptide A Peptide B Peptide C 


Ninhvdrin reaction None + | + 

electrophoretic | 
migration on pa- 
per, pH 6.5, at 
2000 volts, 35 ma. 
in hour (in| 
cm.)* | 

Approximate 
in butanol-acetie | 
acid-water, 4:1:5 | 0.5 0.4 | 0.2 

Amino acids pres-_ Glu. Gilu.Tleu. Lys. Glu. 
ent after hy- Ser.Val.Arg” Ser.Val.Arg Ser. Val. Arg 
drolysis 


+6 to7 


* These values have been corrected for migration due to eleetro- 


osmosis. 


that the glutamic acid residue of the hexapeptide is present as 
glutamine.® 

A determination of amide nitrogen was carried out on two dif- 
ferent samples of peptide C and indicated a release of over 0.7 
equivalent of ammonia, under conditions where glutamine was 


6 The amide group could not rest on arginine, as it would have 
protected this COOH-terminal group from carboxypeptidase B 
(see next section), and the phosphate group would have to be 
entirely substituted to account for the observed difference in 
charge. 
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Fic. 4. Radioautogram of a paper electrophoretic separation of P*-labeled peptides formed during a tryptic attack of phosphorylase 
a. The digestion reaction mixture contained 2.6 mg./ml. of phosphorylase a (52,000 ¢.p.m./mg.) and 1.2 mg. of trypsin, at pH 7.5. 


The temperature was 0° for the first 2 minutes of digestion, then 25°. 
one of the 27-hour samples which received 10-4 mM DFP to block the reaction, indicated as ‘‘non-heated”’ 
The electrophoresis was run for 1 hour at 2000 volts, 35 ma., pH 6.5. 
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Fic. 5. A, rateof transformation of radiopeptides in a prolonged 
tryptic attack of P*-labeled phosphorylase a. The percentages 
of radioactive peptides were calculated from densitometric plots 
obtained from a radioautogram of the complete experiment il- 
lustrated in Fig. 3, using a Spinco “Analytrol”’ densitometer. B, 
rate of disappearance of peptide C plotted on a semilogarithmic 
scale. 


quantitatively deamidated. The migration of purified peptide 
C in two close but distinct bands in the butanol-acetic chroma- 
tography mentioned earlier (footnote 5) might be due to a partial 
deamidation of this fraction occurring in previous purification 
steps. 

The transformation of peptide B to peptide A could occur if 
peptide B contained an amino-terminal glutaminyl residue. 
Heating of this peptide would result in the formation of a pyr- 
rolidone ring concomitant with deamidation. This in turn would 
account for the loss of reactivity of peptide A with ninhydrin and 
FDB (see below). This behavior of amino-terminal glutaminy] 
residues has been repeatedly observed (29, 30). 

Stepwise Enzymatic Degradation and Amino Acid Sequence of 
Peptide C-—The purified phosphorylated hexapeptide in amounts 
ranging from 0.5 to 2.0 wmoles was subjected to the action of 


At various times, 0.1-ml. samples were removed, boiled (except 
and spotted on the paper. 
The standard marker contained pure peptides A, B, and C. 


various enzymes, so that its complete structure could be deter- 
mined. After each attack, the reaction mixture was subjected 
to paper electrophoresis. Each radioactive band appearing on 
the electrophoretogram (as detected by radioautography) was 
eluted, further purified by paper chromatography, then analyzed 
for total amino acids and for V-terminal amino acid. In addi- 
tion, all other ninhydrin-staining materials released in the attack 
were analyzed for amino acids before and after hydrolysis. 

Due to the large difference in reaction rate between the trypsin 
I and trypsin [1 attacks, the enzymatic degradation of peptide 
C with this enzyme was usually carried out at a molar ratio of 
trypsin to peptide of the order of 1/50 to 1/100 for 5 to 24 hours 
at 25°, pH 7.5, in the presence of toluene. Only lysine is released 
in the trypsin IT reaction, indicating that the amino acid must 
occupy a terminal position in peptide C. Its presence at the 
NH.-terminal position of the peptide was proven by end-group 
analysis with FDB, while peptide B, resulting from the tryptic 
attack, was shown to possess glutamic acid as an NHo»-terminal 
residue. When peptide B is converted to peptide A by heating 
30 minutes at 100°, it loses its ability to react with FDB. 

Leucine aminopeptidase, reacting on purified peptide C, re- 
leases simultaneously lysine and a mixture of glutamine and glu- 
tamic acid, and large amounts of a tetrapeptide possessing an 
amino-terminal isoleucyl group. This tetrapeptide is attacked 
only very slowly by the aminopeptidase and limited amounts of 
a radioactive tripeptide can be obtained. Amino-terminal group 
analysis on this tripeptide vields dinitrophenyvlserine in the ether 
phase, and valine and arginine in the water phase. P-labeled 
serine is also released in small quantities in the enzymatic reae- 
tion and was clearly identified as such by paper electrophoresis at 
pH 3.6 and 6.5 and by paper chromatography. 

Since peptide C was released from a tryptic attack, and since 
this enzyme Is specific for peptide bonds in which the acyl moiety 
is furnished by a basic amino acid (31), it was assumed that ar- 
ginine would be found at the COOH-terminal position of the 
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TABLE III 


Enzymatic attack* Material attacked Peptide formed 


Summary of stepwise enzymatic degradation and end-group analysis of P**-labeled phosphopeptides 


Amino acids in P®-labeled peptide produced 


Amino acid released acid 


Lys.Glu-N He. Ileu. P-Ser. Val. Arg 


Tr | | Phosphor. C Lys 
vlase a | | 

Tr Il C B Gilu-NHe. leu. P-Ser. Val. Arg Glau. 

Nonenzymatic heat B A PLC-*Ileu. P-Ser. Val. Arg None None 

conversion | | | 

AP I | C | leu. P-Ser. Val. Arg Lys, Glu, | lleu. 
| | | 

AP II | C | P-Ser. Val. Arg All Ser. 

AP Ill | C | | P-Ser. All 

Cbp B | | Lys.Glu-N He. Heu. P-Ser. Val Arg. Lys. 

Cbp A | C | No attack | | 

ChTr C | No attack | 


j 


* The abbreviations used are : Tr, trypsin; AP, aminopeptidase; Cpb A and B, carboxypeptidase A and B; ChTr, ehymotr 


PLC, pyrrolidone carboxyl. 


peptide. If any other amino acid was found in place of arginine, 
that amino acid would also have to be COOH-terminal on the 
protein. To verify the former assumption, peptide C was sub- 
mitted to the action of carboxypeptidase B, an enzyme specific 


@:0 -C—— CH, © 0-C—— CH, o=c 
® '\CO-NH 


for peptides possessing basic amino acids in the COOH-terminal 
positions (8), and indeed, arginine was quantitatively released 
while the rest of the peptide molecule remained unattacked. 
Carboxypeptidase A was without action on peptide C, as was 
chymotrypsin. Table II] summarizes the above results which 
establish the structure and amino acid sequence of the phospho- 


peptides A, B, and C. 


DISCUSSION 


The conversion of phosphorylase 6 to a was previously shown 
to result in the transfer of 4 terminal phosphate groups from 4 
moles of ATP, to give 1 mole of phosphorylase a (4), in line with 
the concept that this enzyme is made up of 4 subunits each 
with a molecular weight of 125,000 (32). The finding that all 
the phosphate incorporated in the above reaction is attached to 
the same amino acid sequence indicates that a specific site on the 
surface of the enzyme must be involved, presumably located on 
each subunit. The probability that one subunit would contain 
two structurally identical sequences, while another would con- 
tain none, would be indeed very low. 

Consideration of the structure and reactions of peptide C indi- 
cates that the site phosphorylated by phosphorylase 6 kinase 
must be highly basic. The hexapeptide C, as obtained by tryp- 
tic attack, contains lvsine and arginine, and the positive charges 
are not neutralized by the presence of an acidic amino acid. In 
addition, unless this peptide occupies an NH»-terminal position 
in the protein molecule itself, it must be attached to the rest of 
the molecule at its amino end to still another basic amino acid in 


ypsin; 


order to satisfy the specificity requirements of trypsin? In 
view of the selectivity and velocity with which this peptide is 
liberated by trypsin, it can be assumed that an arginyl-lysine or 
a lysyl-lysine bond is cleaved. The accumulation of positive 
charges on this exposed segment of the phosphorylase molecule, 
together with the particular configuration of the peptide chain 
itself (the seryl group being set between two nonpolar isoleucy] 
and valyl residues) must contribute to the highly specifie char- 
acter of the phosphorylase b to a conversion reaction. This is 
shown by the fact that (a) out of 36 to 46 seryl residues present 
in a phosphorylase subunit,’ only one is phosphorylated; (6) of 
all the low or high molecular weight substrates that have been 
tested, including several proteins or enzymes (3), none was found 
to function as phosphate acceptor in the kinase reaction. — Fi- 
nally, no other enzyme than the specific phosphorylase phospha- 
tase succeeded in hydrolyzing this seryl-bound phosphate from 
the protein.’ 

The connection between the phosphorylation of phosphoryl- 
ase 6 and its dimerization on the one hand, and change in ac- 
tivity requirements on the other, is stillunknown. With respect 
to the former phenomenon, no phosphodiester bonds are formed 
in the phosphorylase 6 to a reaction, and the possibility that the 
four phosphate groups incorporated into the phosphorylase a 
molecule could act directly in the dimerization process by che- 
lation of a metal ion could not be demonstrated (4). Apparently, 
the dimerization of phosphorylase b immediately follows the phos- 
phorylation of the protein, as if the groups involved in the di- 
merization were prevented from interacting in the first place. An 
electrostatic repulsion created by the high concentration of posi- 
tive charges next to the site of phosphorylation could be respon- 
sible for maintaining the enzyme in the monomeric form. A par- 


7 The assumption that peptide C would occupy a NH>»-terminal 
position in the protein would make it very difficult to explain the 
500-fold difference in rate of liberation of peptide B by trypsin 
from the protein and from peptide C. 

* Calculated from the amino acid composition of phosphorylase 
determined by Velick and Wicks (33). 

* The details of this study on the effects of various enzymes on 
phosphorylase a and on the phosphorylated hexapeptide will be 
reported in a following publication. 
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tial neutralization of these positive charges, or a modification of 
the spatial configuration of the protein, afforded by the intro- 
duction of a negatively charged phosphate group could enable 
the dimerization to take place. It is interesting to recall that in 
the activation of trypsinogen (34) or pepsinogen (35, 36), highly 
negatively or positively charged peptides are involved. 

The change in enzymatic activity as it occurs in the conver- 
sion of phosphorylase 6 to a is probably much more directly re- 
lated to the phosphorylation of the protein molecule than to its 
dimerization. Indeed, in the conversion of inactive liver phos- 
phorylase to its active form in which a phosphorylation of the 
protein also occurs (37), no dimerization takes place. Further- 
more, no difference in sedimentation has been observed between 
lobster muscle phosphorylase 6 and a (38). 

In addition to its four phosphate groups introduced during the 
phosphorylase ) to a conversion, phosphorylase a contains four 
additional phosphates in the form of pyridoxal 5’-phosphate (10, 
11). The vitamin Bs derivative was shown to be linked to an e- 
amino group of lysine in the protein (39), but the lysyl residue 
involved is not the one in peptide C. Indeed, if the tryptic at- 
tack of phosphorylase a is stopped with boiling alcohol or acetone 
rather than with trichloroacetic acid, the radioactive peptides 
that remain in solution are free of pyridoxal phosphate which 
remaing attached to the denatured protein. Moreover, it has re- 
cently been shown that the lysyl residue to which pyridoxal phos- 
phate is bound, is itself linked to a phenylalanyl residue, in a 
sequence different from that existing in peptide C. 
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SUMMARY 

The structure of the site involved in the conversion of phosphor- 
vlase b to phosphorylase a has been investigated with the use of 
P-labeled phosphorylase a. 

1. The phosphate introduced in the conversion reaction is 
stable to acids and labile to bases. This behavior excludes a 
“high energy” type of phosphate linkage but is characteristic 
for phosphoproteins in which the phosphate group is linked to an 
O-sery! residue. 

2. In a practically instantaneous reaction, trypsin releases all 
the bound phosphate in a soluble organic form whereas over 95 
per cent of the protein still precipitates in trichloroacetic acid. 

3. Purification of the radioactive material by ion exchange 
chromatography, paper electrophoresis and chromatography, 
followed by stepwise enzymatic degradation and end-group anal- 
ysis, indicated that the major phosphopeptide obtained had the 
following sequence: 

Lys. Glu-N Hp. [leu.Ser-P. Val. Arg. 


4. Two other phosphorylated peptides were obtained which 
were shown to result, (a) from a further tryptic attack of the 
hexapeptide, liberating the NH.-terminal lysine residue and 
(b) from a nonenzymatic deamidation and cyclization of this 
pentapeptide to yield a ninhydrin negative, fluorodinitrobenzene 
negative material. 

5. The structure of these peptides in relation with the conver- 
sion of phosphorylase 6 to a has been discussed. 
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Of the numerous methods which have been used in the estima- 
tion of disulfide bonds and sulfhydryl groups in proteins and 
amino acids (1), the amperometric, argentimetric titration pro- 


- eedure, with appropriate modifications, is especially well suited 


for this purpose. This paper describes a modification and ex- 
tension of known methods whereby these groups may be titrated 
inS8murea. The total number of available groups is theoretically 
accessible in 8 m urea and, conversely, such groups may be in- 
accessible in an aqueous medium although the protein may have 
been subjected to the denaturing effect of 8 M urea initially. The 
protein molecule is “unfolded” by the urea, thereby exposing 
the disulfide bonds to the action of SO;” with the subsequent 
release of 1 mole of sulfhydryl for each mole of disulfide. The 
kinetics of the equilibrium reaction of SO;” on disulfide has been 
studied by Stricks and Kolthoff (2), and by Cecil and McPhee 
(3-5). The results obtained with seven different proteins, the 
majority of which are of known disulfide composition, are re- 
producible, indicate rapid quantitative cleavage of all disulfide 
linkages, and show good linear current-volume (titration) curves 
with sharp, long lasting end points. 


EXPERIMENTAL 


Materials 


Crystallized bovine ribonuclease and porcine pepsin were 
purchased from Armour and Company. Fraction “A’’ (6) and 
oxidized (performic acid oxidation) RNase were kindly donated 
by Dr. G. Kalnitsky. Crystallized Zn-insulin was obtained 
from Eli Lilly and Company. Bovine trypsin, 2 X crystallized, 
and pepsin, 2 X crystallized, were purchased from Nutritional 
Biochemicals Corporation. Crystalline bovine serum albumin 
was purchased from Pentex Ine. Lyophilized bovine prothrom- 
bin, highly purified (24,000 units per mg. of tyrosine) was ob- 
tained through the courtesy of Dr. W. H. Seegers, Wayne State 
University College of Medicine. Except for insulin, all proteins 
were dissolved in redistilled water; insulin was dissolved in 0.01 
NaOH. 

Normal human nonlipemic serum from both sexes was ob- 
tained by centrifuging venous blood 30 minutes at 5°; it was used 
in titrations immediately. 

All chemicals unless otherwise stated were analytical reagent 
grade and made up in freshly redistilled water. Urea and 
anhydrous sodium sulfite were obtained from Mallinckrodt. 
Urea, recrystallized from ethyl alcohol or water solutions at 50°, 


* This study was supported in part by Research Grant No. 
A-2464 from the National Institute of Arthritis and Metabolic 
Diseases, United States Public Health Service. 


was not used in the majority of titrations since in the method to 
be described, no difference in results could be detected between 
filtered nonrecrystallized and recrystallized urea, provided that 
an appropriate concentration of EDTA! was added to the titra- 
tion mixture. AgNQO;, 0.001 N, was prepared from a standard 
volumetric solution, 0.1 N, obtained from Anachemia Ltd. and 
titrated periodically for accuracy of concentration. EDTA? was 
an Eastman Organic Chemical product. Oxidized glutathione 
was obtained from Schwarz Laboratories, Inc. and from Nutri- 
tional Biochemicals Corporation. Tris was obtained from the 
Sigma Chemical Company. 


Methods 


The techniques, modifications, and applications have been 
described (7-11) and documented (12) previously. A platinum 
electrode rotated at 600 r.p.m. was used early in the study. 
Later, because of the common, vexing problem of micro fractures 
at the glass-platinum interface, even with cobalt glass, a segment 
of No. 20 gauge platinum wire, shielded with hollow glass tubing, 
was dipped into the titration mixture and connected directly to 
one pole of the d’Arsonval galvanometer (0.02 wA per mm. 
division, 1100 ohms coil resistance). The titration mixture was 
stirred by means of a glass rod, bent at the tip to form a paddle, 
and rotated by a synchronous motor at 600 r.p.m. Stirring of 
the titration mixture about a stationary electrode also has been 
used with satisfactory results by Cecil and McPhee (13). 

If the stationary platinum electrode is used, several precautions 
must be observed. As the agitation of the titration mixture, 
determined by the size and shape of the paddle of the rotating 
glass rod, is increased, the slope of the titration curve increases 
and the galvanometer readings become more stable and long 
lasting. Within limits, however, regardless of slope, the equiv- 
alence points are the same. Optimal agitation becomes critical 
when large (more than 10 mg./30 ml.) concentrations of protein, 
especially serum protein, are used, since increasing concentration 
may result in aberrant curves with depression of slope. The 
spatial relationship between the stationary platinum electrode, 
the distance from the electrode to the are described by the rota- 
tion of the glass rod (1 to 2 mm.), and the sides of the titration 
beaker must be constant during each titration and from one 
titration to another. Alteration in any one of these variables 
will change the slope appreciably. 


1 The abbreviations used are: EDTA, ethylenediaminetetraace- 
tate; Tris, tris(hydroxymethyl)aminomethane. 

2 The purpose of EDTA in this study was that of preventing 
any possible metal-catalyzed oxidation of sulfhydryl groups in 
the alkaline titration mixture. 
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The reference electrode for all amperometric titrations was the 
mercury-mercuric oxide-saturated barium hydroxide electrode of 
Samuelson and Brown (14) with a potential of —0.10 volt against 
the saturated calomel electrode. Routinely, two to four protein 
concentrations were used for each determination; each deter- 
mination was performed in duplicate or triplicate. 

Titrations of —-SH groups in neutral, aqueous, buffered solu- 
tion were performed by the amperometric Tris method of 
Benesch, Lardy and Benesch (10). Titrations of —S—S— in 
prothrombin in an ammoniacal-ethanol medium were by the 
method of Carter (11). 

Nitrogen—Determinations in triplicate were performed by a 
semimicro-Kjeldahl technique with the use of direct nessleriza- 
tion. 

Titration Procedure for Disulfide Bonds in Crystalline and 
Purified Proteins—Variable volumes up to 1.0 ml. (usually 0.25 
ml.) of an aqueous protein solution in concentrations from 1 to 
8 mg. per ml. are added to an 8.0 M urea solution containing 
EDTA in a final concentration of 6 & 10-5 mM. Then 0.1 ml. of 
freshly prepared saturated NaSQ; is added to the solution, the 
final volume of which is 30 ml. After a variable incubation 
period at 27°, or instantly at 37°, titration with 10-3 n AgNO; is 
begun. A minute amount of Dowex Antifoam emulsion may be 
added to prevent excess foaming with high protein concentra- 
tions. 

Titration Procedure for Sulfhydryl Groups in Crystalline and 
Purified Proteins—Basically, the same method as above may be 
adapted for the quantitative determination of —SH groups in 
proteins. Since some proteins contain both —S—S-— bonds and 
—SH groups, SO;° in the titration medium results, of course, in 
the measurement of both. Therefore, 0.1 ml. of a 1:10 dilution 
of saturated NasCOs;, an amount sufficient to provide optimal 
electrolytic conductivity, is substituted for NasSO3. Parameters 
(pH, temperature, molar concentration of urea, protein concen- 
tration, volume of protein solution, and sensitivity of the method) 
referable to the measurement of —S—S— bonds are applicable 
to the measurement of —SH groups also. 

Titration Procedure for Disulfide Bonds and Sulfhydryl Groups 
in Serum—The same methods as above are applicable. A 
satisfactory titration range is obtained when serum for —SH 
determinations is diluted 1:2 with redistilled water, and 0.5- to 
1.0-ml. aliquots are used; for —S—S— determinations, serum is 
diluted 1:10 with redistilled water, and 0.25- to 0.5-ml. aliquots 
are used. Although other correspondingly appropriate dilutions 
may be used, volumes of 0.25 ml. generally are preferred for 
reasons relating to urea concentration. The values for —S—S— 
are, of course, obtained by subtraction of —SH values from 
those obtained by sulfitolysis wherein both —SH and —S—S— 
are measured. With titrations performed at 27°, the serum was 
preincubated in 8.0 M urea for | minute for —SH, and for 5 
minutes for —-S—S— assays. 


RESULTS 
General Observations and Optimal Conditions 


Temperature and Incubation Time—The number of titratable 
disulfide bonds varied with temperature, incubation period, and 
the specifie protein. Each of the proteins was titrated repeatedly 
at 27° and 37°. Quantitative cleavage of all bonds in each 
protein was always obtained at 37°. The results with ribo- 
nuclease may be used as an example. At 6°, a linear relation- 
ship between current flow and volume of AgNO; added no 
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longer existed; at 27°, 3.6 to 3.8 bonds were titrated; from 35*- 
40°, all 4 bonds were titrated; above 40°, presumably the rate of 


oxidation of the released —SH groups was so rapid that signif. | 


cant alteration of current flow occurred during the titration 
which resulted in an apparent decrease in the number of bonds 
cleaved. Thus, to achieve cleavage of all available —S—S$— 


bonds, the urea-EDTA titration mixture was heated to 37° ong f 


rheostatically controlled hot plate, the protein and then sulfite 
were added, and the titration begun immediately. Under these 
conditions, the sulfitolysis reaction went to completion almost 
immediately as evidenced by stabilization of the galvanometer 
and by quantitative cleavage. No incubation period, either for 


denaturation of the protein in 8 m urea, or for the sulfitolysis : 


reaction, was required. If the titrations were not carried out 
immediately, there was a rapid decay in silver-titratable groups, 
Again, with native and Fraction A RNase as examples, at 1) 
seconds incubation time, 4 bonds were titrated; at 1 minute, 37 


to 3.8; at 15 minutes, 3.4; and at 30 minutes, only 3.0 to 32] 


bonds were titrated. The foregoing statements are applicable 
to other proteins as well as to simple disulfides such as oxidized 
glutathione. 

With titrations performed at 27°, the optimal incubation 


‘period was from 15 to 30 minutes, generally 30 minutes for most 
It was essential, however, that the protein be inev- | 
bated with all components of the titration mixture, since incuba- | 
Thus, | 
it would seem that increased cleavage was a function of sulfitol- ] 


proteins, 
tion with just urea did not increase cleavage with time. 


vsis as well as of denaturation. The rate of decay after 30 min- 
utes was decidedly slower than at 37° and, similarly, the dif- 
ference in maximal cleavage between 5 and 30 minutes never 
exceeded 1 bond and was more commonly } to | of a bond. 
There was, however, considerable variation, even with the same 
protein titrated under precisely similar conditions. Cleavage of 
all available bonds was never achieved at 27°, even at optimal 
incubation time, with some proteins such as RNase. With other 
proteins such as insulin, cleavage of all 3 titratable bonds was 
achieved at 27° with a 30-minute incubation time. 

pH—The range studied was pH 2 to 11 (complete titration 
mixture). At pH 8.2 to 8.5 complete cleavage of all available 
disulfide bonds was achieved with each of the crystalline proteins 
used in this study. Titrations at neutral pH resulted in the 
cleavage of only approximately 85 per cent of the total number 
of bonds available. Since the optimal pH range was the same 
as that of the total titration mixture, a specifie buffer was not 
used, The titration mixture for all titrations in urea of each 
protein except insulin was pH 8.3 + 0.1; that for insulin was 
pH 8.5 + 0.1; that for prothrombin titrated in the ammoniacal- 
ethanol medium was pH 10.3. For all sulfhydryl determinations 
by the Tris method (10), pH 7.4 was obtained. 

Molar Concentration of Urea—The urea concentration of the 
titration medium was varied from 0 to 9.0 mM. The optimal 
concentration, that which resulted in complete cleavage of all 
available disulfide bonds, was 8.0 Mm. Correlation of urea con- 
centration, disulfide bonds cleaved, and RNase activity will be 
presented in a subsequent paper (15). It is relevant here, how- 
ever, to indicate the relationship of the first two parameters. 
Native and Fraction A RNase were dialyzed 16 hours against 
cold redistilled water and subsequently titrated in urea in con- 
centrations from 0 to 8 M at 37°. In each of the titrations 0.25 
ml. from a stock concentration of 8.0 mg. per ml. was used. The 
various molar concentrations of urea were made up to a 30-ml. 
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volume after adjusting for the volume of EDTA, protein, and 
Na2SO; added. Titrations were performed at pH 8.3 + 0.5. 


- Three experiments were conducted at 27° and three at 37°. In 


all six experiments performed with each of the two proteins, the 
results were similar, although as indicated above, cleavage of all 
4 —S—S— bonds could be achieved only at 37°. Fig. 1 shows 
the results of experiments on native RNase performed at 37°, 
the individual values of the two parameters representing averages 
of the three experiments. The curve obtained from similar 
experimental data on Fraction A RNase virtually can be super- 
imposed on that from data on native RNase. In Fig. 2 are 
shown three representative titration curves on native RNase 


titrated in 0, 6.0, and 8.0 m urea at 37°. 


Sensitivity of Method—Both precision and accuracy are of a 
high order. The practical lower limit of protein concentration 
to which the method may be applied, using 10-* n AgNO; as 
titrant, is in the order of 1 mg./30 ml. The maximum protein 
concentration was not determined, but concentrations of RNase 
up to 20 mg./30 ml., for example, using .0.25-ml. volumes and 
requiring up to 5.8 ml. of 10-* n AgNOs, also resulted in the 
cleavage of all 4 —S—S— bonds. The titration curves through- 
out this concentration range remained linear and the slopes were 
unchanged. Extensive studies on all the proteins used showed 
a precise arithmetic relationship between protein concentration 
and equivalence points in ranges of protein concentration be- 
tween 1 and 20 mg./30 ml. The protein concentration (crystal- 
line proteins) used in the majority of titrations was 2 mg./30 ml. 

Other Factors—Dialysis of each of the proteins was carried out 
against redistilled water, at 5°, for 16 hours. Only with native 
RNase was there any consistent detectable difference in the total 
number of bonds cleaved between the dialyzed and nondialyzed 


protein. With nondialyzed RNase, 3.7 to 3.8 bonds were 


cleaved. 
A concentration of 0.1 ml. of saturated NaSOxs in 30 ml. of 


titration mixture was optimal. It was sufficient to effect com- 
plete sulfitolysis at a protein concentration of 20 mg./30 ml.; a 
smaller concentration was not. Concentrations greater than 0.2 
ml./30 ml. resulted in inaccurate titration curves. The satu- 
rated Na.SO 3 solution was prepared freshly every 30 minutes. 
The titration mixture remained clear, without any precipitate, at 
all times. 

The necessity for the usual volume correction was found not to 
exist in the method described because of the volume and relative 
concentration range of the protein sample, the titrating agent, 
and the molarity of the urea which was used. 


Individual Proteins 


The number of determinations of sulfhydryl content of the 
individual proteins used, with both the urea and Tris methods 
(10), was the same as those of disulfide content listed in Table 1. 
With neither method was any —SH detected in any of the 
proteins except in bovine serum albumin. 

Ribonuclease—Titrations at 27° were performed on dialyzed 
and nondialyzed native and Fraction A RNase, with and with- 
out nitrogen during incubation and titration. As stated above, 
dialysis to remove traces of (NH,) S04 did result in slightly higher 
values of —S—S— bonds cleaved, but bubbling nitrogen into 
the svstem showed no detectable effect. Titrations at 37° were 
performed only on dialyzed RNase without nitrogen and cleavage 
of all 4 available —S—S— bonds was obtained. Heating RNase 
to 96° for 30 minutes in an aqueous medium followed by cooling 
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Moles Disulfide / Mole RNase 
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pe | | | | 
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Fic. 1. Effect of urea concentration on cleavage of disulfide 
bonds by sulfite in native ribonuclease. Results with Fraction 
“‘A”’ RNase are virtually identical. For argentimetric, ampero- 
metric procedure used, see ‘‘Methods”’ and ‘‘Results.”’ 


Microamperes 


T 


O 
Ae) 


| | 
IO°N AgNO3,mI 
Fig. 2. Representative amperometric titration curves on native 


RNase titrated in 0 (Curve A), 6.0 (Curve B) and 8.0 (Curve C) m 
urea at 37°. For procedure used, see ‘‘“Methods”’ and ‘Results.’ 


to room temperature and subsequent titration at 27° did not 
result in cleavage of all bonds. The presence of 4 moles of 
—S—S— and 0 moles of —SH per mole of RNase is in accord 
with previous reports (16, 17). Two separate determinations 
on RNase oxidized by the performic acid oxidation method 
showed no —S—S— bonds. 

Insulin—Cleavage of all 3 available —S—S— bonds (18) was 
achieved at both 27° and 37° at pH 8.5 + 0.1. Ina study of the 


‘reaction of —S—S— bonds on insulin with sodium sulfite, Cecil 


and Loening (19) found by amperometric titration that in the 
presence of 8 M urea or 3 M guanidinium chloride, at pH 6.5 to 
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TABLE I | 
Disulfide content of proteins titrated in 8 um urea 
No. of Temperature Moles of 
Protein determina- uring —S—-s— 

tions titration per mole* 
Oxidized glutathione. ....... daily 27 or 37 | 1.0 + 0.02T 

control 
Ribonuclease (native)....... 30 27 3.7 + 0.4 
Ribonuclease (native)....... 12 37 4.0 + 0.1 
Ribonuclease (Fraction A). . 5 27 3.6 + 0.1 
Ribonuclease (Fraction A). . 5 37 4.0+ 0.1 
Ribonuclease (oxidized). .... 2 27 and 37 0 
22 27 3.0 + 0.2 
Serum bovine albumin...... 7 27 16.4 + 0.6 
Serum bovine albumin...... 5 37 17.1 + 0.3 
5 37 3.1 + 0.1 
6 27 3.2 + 0.3 
6 37 5.9 + 0.2 
6 27 7.8 + 0.2 
3 37 8.1 + 0.1 


* Calculated from: 


Molecular weight > nitrogen 


Serum bovine albumin....... 69 , 000 16.0 
34,400 14.6 
62,700 15.7 


+ Corrected for two molecules of ethanol presumably present in 
the solid glutathione preparation (38). 


7.0, the third —S—S— bond was attacked, a total of 2.8 being 
cleaved. 

Bovine Serum Albumin—A total of 17 —S—S— bonds was 
titrated at 37° but only 16.4 at 27° (corrected for 1 mole of —SH 
per mole of albumin); reproducibility was greater at 37°. The 
presence of 17 —S—S— bonds is in accord with previous data 
of Kolthoff et al. (20), who amperometrically titrated the protein 
in an ammoniacal buffer, 4 M in guanidine HCl and 0.05 m in 
sodium sulfite. The same value was obtaned by Markus and 
Karush (21) for human serum albumin. Other values reported 
have varied from 14 (22) to 18 (23) —S—S— bonds per mole. 
The presence of 0.67 + 0.05 mole of —SH per mole of albumin 
was obtained with the Tris system, 0.94 + 0.07 mole of —SH 
per mole with the urea medium at 27°, and 1.02 + 0.06 mole of 
—SH per mole at 37°. The former value is consistent with the 
results of other workers (8, 10). The latter values are in accord 
with the same authors (10, 24) who have shown that bovine 
serum albumin is inhomogeneous with respect to its —SH group; 
two-thirds of an —SH group per mole reacts rapidly with Ag* in 
neutral aqueous solution, whereas one-third reacts only in the 
presence of high concentrations of urea. Markus and Karush (21) 
likewise found 1 mole of —SH per mole of human serum albumin 
when titrations were carried out in 1 per cent sodium decyl 
sulfate. 

Pepsin—Three residues of cystine, obtained when the protein 
was titrated at both 27° and 37°, are in accord with Brand’s 
data (25) when his values for cysteine (2 residues) are combined 
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with those of half-cystine (4 residues). Pepsin does not contain 
any free —SH groups (26). The results with both pepsin 
products (Armour and Nutritional Biochemicals) were the same, 

Trypsin—The results show a striking difference in the number 
of —S—S— bonds cleaved at 27°, 3; and at 37°, 6. From the 
studies on the essentiality of —S—S— bonds in trypsin, Liener 
(27) concluded that it seemed reasonable to assign to trypsin at 
least 3 disulfide linkages which become amenable to reduction 
under the influence of 8 M urea since trypsin treated with mercap.- 
toethanol in the presence of urea was found to possess 6 —SH 
groups which react with p-chloromercuribenzoate. On the other 
hand, Cohen and Neurath (28) found. 12 half-cystine residues 
which provide for 6 intramolecular disulfide bridges. 

Prothrombin—Previous data from this laboratory had indicated 
the absence of —SH groups but the presence of 4 moles of 
—S—S— per mole in highly purified prothrombin and its deriva- 
tives (11, 29-31). The amperometric method used involved the 
sulfitolysis and titration of the proteins in an ammoniacal-90 per 
cent ethanol medium with a mercury-mercuric iodide reference 
electrode (11). The results obtained on insulin by this method 
were in good agreement with those obtained by others on hy- 
drolysates of insulin. Later, it was discovered that complete 
cleavage of all disulfide bonds in RNase could not be achieved 
with this method. With the use of the same ammoniacal-ethanol 
procedure on the purified prothrombin used in the present work, 
3.9 + 0.1 moles of —S—S— per mole of prothrombin (3 de- 
terminations) again was obtained. With the 8 mM urea method, 
8 moles of —S—S— per mole of protein were obtained repeatedly. 
An amino acid analysis of bovine prothrombin by Laki et al. (32) 
indicates a half-cystine value of 3.14 gm./106 gm. of protein 
which is equivalent to 4.1 moles of —S—-S— per mole of pro- 
thrombin. If, however, methionine is subtracted from the total 
sulfur value of 1.52 per cent (32), 10.8 residues of cystine remain; 
if methionine is subtracted from the total sulfur value of 1.04 
per cent (33), 6.1 residues of cystine remain. An average of 
the two cystine residue values agrees reasonably well with 
that obtained by the 8 mM urea method. Highly purified pro- 
thrombin of canine origin, prepared in our laboratory, also shows 
the presence of 8 disulfide bonds with the urea method. In spite 
of the high cysteic acid value, Laki et al. could elicit no nitro- 
prusside color due to cysteine from guanidine-treated prothrom- 
bin. 

Human Serum—A summary of the results is presented in 
Table II. The titrations (18 determinations each at 27° and 
37°) were performed on fresh human nonlipemic serum from 
healthy individuals, 8 males and 2 females, covering a period of 


TABLE II 
Sulfhydryl and disulfide content of normal human sera 


Sulfhydry! Disulfide 
g Nitrogen |—————— 

— Tris | M urea Tris | 8 M urea 
. pmoles mg. of 
C° /100 ml. pmoles/100 mg. of cysteine/100 ml. \" 

27 «| «1.16 51.3 102.6 6.2 12.4 1120 | 27 
+0.12 | +2.8 +11.3 +0.3 +1.2 | +88 | +15 

37 102.5 12.5 1210 | 291 
+10.5 +1.1 | +75 | +16 
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3 weeks. The values for sulfhydryl content of serum when 
titrated in Tris buffer are in good agreement with the results ob- 
tained by other investigators (8, 34, 35). Titration of —SH 
groups in 8 M urea doubled the sulfhydryl content. The average 
value for disulfide content of serum (corrected for sulfhydryl) 
was considerably lower than that obtained by Milone and Sullivan 
(36) (363 mg. of cystine /100 ml. of serum) or than that obtained 
by Kolthoff et al. (37) (371 mg. of cystine/100 ml. of serum). 
The latters’ values were, however, not corrected for sulfhydryl. 
Even so, their average value was higher than our average value 
also uncorrected for sulfhydryl (315 mg. of cystine/100 ml. of 
serum). It will be noted that titrations in 8 m urea at 27° and 
37° resulted in the same values for sulfhydryl; those for disulfide 
were significantly higher at 37°. The sulfhydryl and disulfide 
content was essentially the same whether the serum was titrated 
in 7.5 M or in 8.0 mM urea. Below 7.5 M, there was a significant 
decrease. 


DISCUSSION 


Preliminary efforts to design a procedure to measure accurately 
all available disulfide bonds in all nonhydrolyzed proteins in- 
volved investigation of numerous titration media such as Tris 
and borate buffers, sodium chloride, guanidine HCl, and urea in a 
variety of concentrations. With each of these media, quantita- 
tive, reproducible results were obtained with simple disulfides 
such as glutathione, but not with all proteins. Failure to ob- 
tain complete or even partial cleavage was, of course, expected 
when the native proteins were added directly to aqueous titra- 
tion media. When certain proteins such as ribonuclease were 
incubated with 8 M urea or with various concentrations of sodium 
lauryl sulfate for periods up to 1 hour, and aliquots were sub- 
sequently transferred to the various aqueous titration media, 
complete cleavage of all disulfide bonds still could not be 
achieved. Although urea and sodium lauryl sulfate do not 
interfere with the amperometric titrations, it is obvious that the 
proteins pretreated with 8 mM urea, for example, were being titrated 
ina medium which was well below 0.5 m with respect to urea. 
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Sulfitolysis and titration in Tris buffered (pH 7.4) 8 m urea did 
not result in complete cleavage of disulfide bonds in some enzymes 
such as ribonuclease because under these conditions, optimal pH 
(8.2 to 8.5) and temperature (37°), subsequently determined, 
were not operative. 

Sulfitolysis and amperometric titration in 8 M urea as ultimately 
developed, is a simple procedure for the accurate measurement 
of sulfhydryl groups and disulfide bonds in proteins. Since the 
reference electrode and other components of the system, exclusive 
of the titration medium are essentially similar to the Tris method 
for sulfhydryl determination described by Benesch et al. (10), 
the method is especially convenient for the study of these groups 
in proteins in native and denatured states. From the correla- 
tion of molar concentration of urea and moles of disulfide per 
mole of RNase cleaved (Fig. 1), it is also apparent that the urea 
method may be particularly useful in ascertaining the relation- 
ship between biological activity and disulfide bonds of an en- 
zyme, 


SUMMARY 


A procedure is described for the accurate, quantitative meas- 
urement of sulfhydryl groups and disulfide bonds in proteins. 
The technique for disulfide assay involves sulfitolysis and ar- 
gentimetric, amperometric titration of proteins in 8 M urea at 
37°. The technique for sulfhydryl assay is similar except that 
carbonate is substituted for sulfite in the titration mixture. 
Native, Fraction “A” and oxidized ribonuclease, insulin, trypsin, 
pepsin, bovine serum albumin, and prothrombin have been 
titrated by this method. Rapid quantitative cleavage of all 
available disulfide bonds was achieved. The method has been 
shown to be applicable to the titration of these groups in normal 
human serum also. A reproducible relationship between molar 
concentration of urea and the number of disulfide bonds cleaved 
in RNase has been demonstrated. 


Acknowledgment—The author is indebted to Mrs. Janice N. 
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The RNase molecule consists of a single chain, arranged in a 
compact, folded structure, cross-linked through 4 disulfide 
bridges (1). After hydrolysis to determine the amino acid 
composition of RNase, 8 half-cystine or cysteic acid residues 
have been identified (2, 3) and the approximate location of these 
residues in the partial structural formula for oxidized RNase has 
been determined (4). More recently, the elucidation of the 
pairings of these 8 cysteic acid residues has been accomplished. 
Numbered from the N-terminal end of the protein chain, the 
presence of 4 disulfide bridges has been established, linking half- 
cystines 1 and 6, 2 and 8, 3 and 7, and 4 and 5 (5, 6). 

Total cleavage of the 4 disulfide bridges in RNase, whether by 
oxidation with performie acid (3) or by reduction with thio- 
glycolic acid (7), leads to complete Iess of enzymatic activity (3, 
7). Activity still remains high with cleavage of 1 or 2 disulfide 
bonds in the molecule but decreases rapidly with reduction of 
more than 2 disulfide bonds (7). 

In an extension of previous studies relating secondary structure 
to activity for the enzyme RNase (8), we attempted to evaluate 
the influence of the —S—S— bonds on the secondary structure 
and activity of the enzyme. The amperometric technique for 
sulfhydryl determinations has been adapted, with modifications, 
to the measurement of disulfide bonds in proteins (9). With this 
procedure, 1 of 4 disulfide bridges in RNase was found to be 
resistant to cleavage. Further modifications such as carrying 
out the sulfitolysis reaction and titration in various concentra- 
tions of urea up to 8 M, have resulted in a relatively simple, rapid 
and accurate method for the controlled cleavage of all the di- 
sulfide bonds in many proteins, including RNase (10). By this 
method, we have attempted to correlate enzyme activity with 
the integrity of the disulfide bonds present in RNase. This 
communication presents evidence that not all of the disulfide 
bridges are essential for activity of RNase, confirming the results 
of Sela et al. (7) obtained with a different method. In addition, 
evidence is presented which strongly suggests that it is not only 
the cleavage of disulfide bonds, but in addition, a subsequent 
structural alteration in the molecule, in the denaturation sense, 
which is responsible for loss in enzymatic activity. 


EXPERIMENTAL 


Materials and Methods 


Crystalline ribonuclease was purchased from Armour and 
Company, Lot No. 381-059; sodium ribonucleate was obtained 
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from Nutritional Biochemicals Corporation, Lot No. 5557, or was 
isolated from yeast according to the method of Crestfield et al. 
(11). The “A” fraction of ribonuclease was prepared according 
to the method of Hirs et al. (12). 

Titration Procedure—The argentimetric, amperometric titra- 
tion procedure and the reagents used are as given in the pre- 
ceding paper (10). The titration vessel contained 0 to 8 m urea, 
6 m ethylenediaminetetraacetate, 2 mg. of RNase (pre- 
viously dialyzed for 16 hours against cold, redistilled water and 
the protein content determined by Kjeldahl digestion followed 
by nesslerization) plus 0.1 ml. of a saturated, freshly prepared 
Na SQ ; solution in a total volume of 30 ml. at 37°. Titrations 
were performed at pH 8.3 + 0.5. Several experiments were 
carried out at 27°, after an incubation period in the total titration 
mixture for 5 minutes. 

Aliquots for assay were removed from the above reaction 
mixtures before the addition of sulfite (zero time). After the 
addition of Na.SOs, sulfitolysis was judged to be complete when 
the galvanometer registered a steady state, usually about 5 to 10 
seconds at 37°. Additional aliquots then were taken for assay; 
one sample was diluted immediately in 0.1 mM acetate buffer, pH 
5.0. The other aliquot was diluted for assay after the completion 
of the titration with standard 0.001 m AgNQOs solution. The 
assays in all cases were begun immediately. The results re- 
ported herein were obtained from seven separate experiments, 
each carried out in duplicate. In addition, each assay was 
performed in duplicate. 

Assay of RNase—The assay method was a modification of those 
deseribed by Kunitz (13) and by Anfinsen et al. (1). For assay 
at pH 7.3, 0.01-ml. aliquots of ribonuclease (containing 0 to 1.0 
ug. for the standard curve, or approximately 0.5 ug. from the 
titration vessel) were added to 2.0 ml. of 0.1 mM phosphate buffer, 
pH 7.3 and ionic strength 0.254. This was followed by the 
addition of 1.0 ml. of a 2 per cent solution of sodium ribonucleate 
prepared in water. After incubation for 4 minutes at 30°, the 
reaction was stopped by the addition of 1.0 ml. of 0.75 per cent 
uranyl acetate in 25 per cent perchloric acid. Precipitated en- 
zyme and substrate were cooled in an ice-water bath and then 
centrifuged at 0°. A O.1-ml. aliquot of the supernatant was 
immediately diluted with 3.0 ml. of water and the solution read 
in a Beckman spectrophotometer at 260 my. 

For assay at pH 5.0, 0.1-ml. aliquots of RNase (containing 0 
to 10.0 wg. for the standard curve, or approximately 5.0 yg. 
from the titration vessel) were added to 1.0 ml. of 0.1 M acetate 
buffer, pH 5.0, and ionic strength 0.065. This was followed by 
the addition of 1.0 ml. of a 2 per cent solution of sodium ribo- 
nucleate prepared in buffer. After incubation for 4 minutes 
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at 37°, the reaction was stopped by the addition of 1.0 ml. of 
the uranyl acetate-perchloric acid reagent and the procedure 
continued as described above. : 

A standard curve was run with each of the seven experiments, 
and aliquots were taken from the titration beakers which were 
calculated to fall approximately on the center portion of the 
linear curve. 


RESULTS 


Fig. 1 shows the relationship between the disulfide bonds 
cleaved per mole of RNase, and the percentage of activity re- 
maining. It seems that one disulfide bond may be cleaved with 
little, if any, loss in activity; with the cleavage of two disulfide 
bridges, enzymatic activity is retained up to approximately 80 
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Fic. 1. The relationship between the disulfide bonds cleaved, 
per mole of RNase, and the per cent activity remaining. ©@, 
results obtained by allowing the sulfitolysis reaction to proceed 
at 37° for 5 to 10 seconds, and then assaying at pH 7.3; O, sul- 
fitolysis reaction carried out at 27° for 5 minutes and assayed at 
pH 7.3; A, sulfitolysis reaction carried out at 37°, and assayed at 
pH 5.0. 


TABLE [ 


Effect of urea concentration on disul fide bonds 
cleaved and activity of RNase 


Native RNase RNase ‘‘A’”’ 
Urea concentration Moles of Moles of 
—S—S— Activity —S—S— Activity 
cleaved/mole | remaining* | cleaved/mole | remaining* 
of RNase of RNase 
M % % 
0 0 100 0 96 
1 0 100 0 102 
2 0 106 0 102 
3 0.5 103 0.7 87 
4 0.8 88 0.8 91 
5 2.0 SO 2.1 79 
6 3.9 37 3.9 34 
6.5 4.0 18 3.9 9 
7.0 4.0 11 3.9 0 
7.5 4.0 10 3.9 0 
8.0 4.0 (7) 4.0 0 


* Assays carried out at pH 7.3. 
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TABLE II 


Ribonuclease ‘‘A’’ activity remaining before and after amperometric 
titration for —S—S— bonds 


Activity remaining* 
If IIt 
M %, %, 

0 0 100 102 
l 0 104 104 
2 0 103 100 
3 0.34 97 99 
4 1.0 91 91 
5 3.2 56 5] 
6 3.9 27 30 
6.5 3.9 13 13 
7.0 3.9 12 11 
7.5 3.9 0 0 
8.0 4.0 0 0 


* These assays were carried out at pH 5.0. 

t Aliquots were withdrawn from the titration vessel and im- 
mediately diluted for assay when the sulfitolysis reaction was 
complete as judged by the stabilization of the galvanometer. 

t Aliquots were taken under the same conditions as for Column 
I, but were diluted for assay after completion of the titration with 
AgNOs. 


TaBLe III 
Effect of time of exposures to the urea-Na2SO3 mixture on 
the activity of RNase 
The sulfitolysis reaction was carried out at 27° and allowed to 
proceed for 5 minutes or 15 minutes, as indicated. The assays 
were performed at pH 7.3. 


minutes M % 
15 3 0.3 92 
5 3 0.3 100 
15 4 0.4 89 
5 4 0.3 99 
15 5 0.7 80 
5 5 0.7 97 
15 6 ‘2 69 
5 6 1.2 90 
15 8 3.4 15 
5 8 3.9 35 


per cent of the original activity. With 3 —S—S— linkages 
broken, about 60 per cent of the activity is still retained. With 
the cleavage of 3.5 or more —S—S— bonds per mole of RNase, 
activity decreases to zero, sharply. 

From kinetic studies on insulin, for example (see Cecil and 
Loening (14)), it would seem that in the range of pH 7.2 to 9.0, 
the thiol groups formed in the sulfitolysis reaction begin to ionize 
and the reaction becomes reversible. The reaction is largely 
reversible at pH 9.0 and not at 7.2. It is for this reason that 
subsequent assays were carried out at pH 5.0, as well as at pH 
7.3. The assays at pH 5.0 and at pH 7.3 are in good agreement 
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throughout (Fig. 1) indicating that under our experimental 
conditions, the sulfitolysis reaction was not reversible. 

In Table I we have summarized the effect of various concen- 
trations of urea on the cleavage of disulfide bridges and the 
resulting activity of the enzyme RNase. With no urea present, 
no —S—S— bonds are cleaved; with increasing concentrations of 
urea, more cystine bonds become suceptible to sulfitolysis. Un- 
der these experimental conditions, the 4 disulfide bridges in 
RNase are susceptible to cleavage only in the presence of 6.5 to 8 
u urea. The results obtained are almost identical for both the 
native and the “‘A”’ fraction of RNase. The experimental evi- 
dence strongly suggests the functional importance of the sec- 
ondary structure in RNase. In 6 M urea, despite the cleavage of 
3.9 disulfide bonds per mole of RNase, approximately one-third 
of the total enzymatic activity was retained. In several experi- 
ments, where all 4 disulfide bridges were split in 6.5 M urea, some 
activity still remained. Complete loss of activity invariably 
occurred at higher concentrations of urea, such as 8 Mm. In the 
absence of NaSQO3, no inactivation occurred when RNase was 
exposed to urea and then diluted for assay. 

Aliquots removed for assay usually were diluted immediately 
toa large volume during which time the titration was completed 
in the presence of undiluted concentrations of urea. To check 
the possibility that a further decrease in activity might occur 
during the actual amperometric titration, assays were carried 
out with aliquots diluted immediately, as above, and similar 
aliquots held and diluted only after completion of the titration with 
AgNO;. From the results in Table II it is clear that both pro- 
cedures give virtually identical results, demonstrating that 
changes in activity did not take place during the short period of 
2 to 3 minutes involved in the titration with AgNO3. Further- 
more, the stabilization of the galvanometer within 10 seconds 
after the addition of the NasSO;, plus the fact that neither the 
diffusion current nor the slope of the titration curve changed 
during the titration procedure, indicates the the sulfitolysis re- 
action was complete before actual titration was begun. 

If the sulfitolysis reaction is carried out at 27° instead of at 
37°, the reaction is slowed down considerably, fewer disulfide 
bonds are cleaved at comparable concentrations of urea, and 
total cleavage of all the 4 disulfide bonds is not always achieved, 
even in 8 M urea (Table II]). At this temperature 5 minutes is 
optimal for the sulfitolysis reaction. Longer exposure of the 
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enzyme does not result in any further cleavage of —S—S— 
bonds in the RNase; on the contrary, the yield of —SH groups 
resulting from the sulfitolysis is diminished, presumably due to 
oxidation (10). In addition, exposure of the enzyme (contain- 
ing cleaved —S—S— bridges) to the sulfite-urea mixture for 
longer than 5 minutes results in an appreciable decrease in en- 
zymatic activity, especially at higher concentrations of urea 
(Table III). Here again, with 3.9 moles of —S—S— bonds 
cleaved per mole of RNase, approximately one-third of the 
original enzymatic activity still remained. 


DISCUSSION 


In the presence of 6 M urea, appreciable activity remained 
when 3.9 of the 4 disulfide bridges in RNase were cleaved. In 
the presence of 8 M urea, at 37° complete inactivation occurred. 
This can only mean that more than —S—S— bonds are con- 
cerned here; that inactivation occurred as a result of subsequent 
alterations in the structurally weakened molecule following the 
cleavage of the disulfide bonds. Similar conclusions have been 
suggested by Gawron et al. (15) in interpreting the action of 
cyanide on RNase. Furthermore, it has been demonstrated 
experimentally that some portion of the secondary, cooperative 
structure of the RNase molecule is essential for its catalytic 
activity (8). It would seem then that one of the roles of the 
—S—S— bonds is to provide additional stability to the secondary 
structure. This is in agreement with the conclusions reached 
concerning the essentiality of the disulfide groups of trypsin (16) 
where rupture of the —S—S— bridges leads to a more extensive 
unfolding of the molecule and inactivation. 


SUMMARY 


An amperometric technique for the determination of disulfide 
bonds in ribonuclease has been used. The cleavage of the four 
cystine bridges proceeds only in the presence of urea at 37°. 
Cleavage of one disulfide bond results in little, if any, loss in 
activity; with the breaking of 2 disulfide linkages, activity re- 
mains high. With the cleavage of 3.9 disulfide bonds, in 6 m 
urea, 27 to 37 per cent of the original activity can still be detected. 
In the presence of 8 M urea, complete inactivation occurs. The 
significance of these structural alterations is discussed in relation 
to activity for the enzyme ribonuclease. 
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The ribonuclease molecule in aqueous solution has a highly 
compact, folded structure (1, 2). An extensive change in the 
configuration of the molecule takes place in 8 m urea, guanidine 
hydrochloride, acid, or upon heating (3-9). On the basis of 
reports that ribonuclease was fully active in 8 M urea, it has been 
concluded that the ordered, secondary, noncovalent structure 
of ribonuclease was not essential for its catalytic activity (10-13). 
However, it appears that RNase is refolded in the presence of 
RNA (14), in spite of 8 mM urea and more recent evidence has 
indicated that the activity of ribonuclease is actually inhibited 
by strong concentrations of urea (15, 16). 

Tanford and Weber (17) have studied the effect of tempera- 
ture on the intrinsic viscosity and optical rotation of the enzyme 
in water. Their findings indicate that at pH 4.7 to 5.0 and an 
ionic strength of 0.02 to 0.20, the molecule starts to unfold at 
50-55°, reaching a maximum at 70°; the reaction is completely 
reversible with no demonstrable hysteresis. In view of these 
results, experiments in this laboratory were carried out measur- 
ing activity as a function of temperature in an aqueous system, 
to determine the effect of an altered secondary structure on en- 
zymatic activity. From the results of the experiments which 
are reported in this paper, it is concluded that the cooperative, 
noncovalent structure of ribonuclease is essential for its catalytic 
activity. 


EXPERIMENTAL 
Materials and Methods 


Crystalline ribonuclease was purchased from Armour and 
Company, Lot. No. 381-059. Yeast sodium ribonucleate was 
prepared according to the method of Crestfield et al. (18). 

The assay was essentially a modification of methods described 
by Kunitz (19) and by Anfinsen et al. (1). A 0.5 per cent yeast 
sodium ribonucleate solution was prepared in an acetate buffer 
of pH 5.0, 0.1 m and ionic strength 0.065. Of this solution, 2 
ml. were allowed to come to temperature equilibrium, after which 
time ribonuclease, 2 to 4 ug., in 0.01-ml. aliquots was added and 
the reaction started immediately. The total volume of the 
reaction mixture was 2.01 ml. After the allotted time for incu- 
bation, the reaction was stopped by the addition of 1.0 ml. of 
0.75 per cent uranyl acetate in 25 per cent perchloric acid. Pre- 
cipitated enzyme and substrate were cooled in an ice-water bath 


* The authors gratefully acknowledge grants from the Office of 
Naval Research (NR 108-327), the National Science Foundation 
(No. 2545) and the Central Scientific Fund of the College of 
Medicine, State University of Iowa which have greatly aided this 
work. 


and then centrifuged at 0°; a 0.1-ml. aliquot of the supernatant 
was immediately diluted with 3.0 ml. of water, and then read in 
a Beckman spectrophotometer at 260 mu. All readings were 
carried out in duplicate. The temperature was controlled with 
the use of a Sargent thermonitor. 


RESULTS 


Fig. 1 shows the initial slopes obtained with a ribonuclease 
concentration of 4 wg. at various temperatures. The _ initial 
velocities rise sharply from 30°—40° to 50°, increasing more slowly 
at 55°-65°. With a further increase in temperature to 70°, the 
slope begins to fall, with little activity remaining at 75° and 
practically none at 80°. These changes are further reflected in 
the temperature coefficients which were calculated from the 
initial velocities and are listed in Table I. Whereas there is an 
approximate 3-fold increase with a 10° rise in temperature be- 
tween 30°—50°, a noticeable change occurs, based on Qyo values, 
between 50°-55°. The data was further examined with the aid 
of an Arrhenius plot shown in Fig. 2. It will be noted that the 
enzymatic activity increases exponentially with temperature 
from 30° up to 50° in accordance with the Arrhenius equation. 
The points obtained at 55° and above do not fall on the line. 
The break indicates that the reaction possesses a critical tem- 
perature between 50°-55°. As originally suggested by Sizer (20) 
the transition represents a shift in the configuration of the enzyme 
molecule. This shift in configuration occurs at a temperature 
range which corresponds, as previously mentioned, to the tem- 
perature at which the molecule begins to unfold into a randomly 
coiled structure (17). In this respect, the finding of Harrington 
and Schellman (3) is noteworthy in that these investigators ob- 
served that ribonuclease undergoes a transition to a more dis- 
ordered form near 58° at pH 6.5, based on measurements of 
optical rotation. 

The activation energy for the reaction was calculated from the 
equation, 


(1) 


where v is the initial velocity. The value thus obtained for the 
activation energy was 20,500 calories. 

The experimental data of Tanford and Weber (17), as well as 
those of Harrington and Schellman (3), on the heat denaturation 
of ribonuclease in aqueous solution have been interpreted in 
terms of a single reaction viz. 


Native protein = Denatured protein (2) 
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40° 


Minutes 

Fic. 1. Initial velocities of RNase activity at various tempera- 
tures. Each test tube contained 4 wg. of RNase. For other con- 
ditions and method of assay, see ‘‘Methods.”’ 


TABLE I 


Initial velocities and temperature coefficients 
of RNase at various temperatures 


Temperature Initial velocity Temperature coefficient* 
c 
30 0.0286 
35 0.0456 
40 0.0792 2.77 
45 0.131 2.87 
50 0.224 2.83 
55 0.312 2.38 
60 0.429 1.92 
65 0.478 1.53 
70 0.433 1.01 
75 0.170 0.36 


* (Qo, the ratio of the initial velocities obtained with a 10° rise 
in temperature. 


and the values of AH® and AS®° determined for this reaction. 
On the basis of optical rotation and viscosity measurements at 
pH 4.8, the values for AH®° and AS°® are 95 keal. per mole and 
285 ¢.u., respectively (17); on the basis of optical rotation meas- 
urements at pH 6.5, the value of AH® is 58 keal. per mole and 
for AS°, 176 e.u. (3). It therefore became desirable to calculate 
the thermodynamic parameters based on our activity studies as 
a comparison with those obtained by these investigators. On 
the assumption (Equation 2) that only native (active) and de- 
natured (inactive) forms of ribonuclease are present, the specific 
activity of the native form would be v, and of the denatured form, 
zero, so that log v is a linear function of 1/T (Fig. 2). This fune- 
tion should continue to apply to the value of v even when the 
denatured form is present, and the data from the ‘‘native” 
temperature range can then be extrapolated into the “denatured” 
region, as indicated by the dashed line in Fig. 2. We can then 
determine v from the plot at any temperature. The fraction of 
the molecule in the native state, f,, can then be obtained from 
the relationship, 


Voba. 


Fn (3) 


Where tp., and v are the specific rate constants, observed and 
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extrapolated, respectively. The fraction of the ribonuclease 
molecules in the denatured state, fz, would then be 

Sa =l1- f n (4) 
The equilibrium constant, K.,, for Equation 2 is then given by, 


(Denatured) 


1 —/f, 


= 


(5) 


(Native) Se 


32 
* 10° 
Fic. 2. Arrhenius plot for the enzymatic activity of RNase 
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Fic. 3. The equilibrium constant as a function of temperature 
for the reaction, native — denatured RNase. 


60° 70° 
04 
0.3 35° 
> 
50.2 
30° 
< ‘ 
‘ 
BO 
\ 
0.0 
‘\ 
ant ‘ 
1 in 
\ 
ere -04 e e 
> 
“ASE 
tial -10 
wly 
-1.2 
ind 
in 
the 
an 
be. 
les, 
ne. 
m- 
+3.0 
ne 
ire 
+20 
ily 
On 
b- +10 
is- = 
of 
Of 
he 
-1.0 
] 
is 
XUM 


1716 


TABLE II 


Activation energy of native ribonuclease and heat of denaturation 
and entropy for the reversible reaction, native — denatured 


enzyme 
of E. AH? AS? 
pe. kcal./mole kcal./mole calories/mole/deg. 
1 2 21.0 35.6 105 
2 3 20.2 34.0 103 
3 4 20.3 35.0 103 
4 4 20.5 37.1 110 


In Fig. 3 we have plotted —R In K., against the reciprocal of 
temperature on the Kelvin scale. The heat of the reaction, AH® 
and the entropy, AS°, were then calculated from the graph by 
the relationship, 


in = AS° (6) 
T 
The values so obtained are presented in Table II, Experiment 4. 
Although the data presented in this paper were obtained with 
an enzyme concentration of 4 ug., we have also obtained almost 
identical results with other concentrations of the enzyme. The 
activation energies and the thermodynamic parameters AH® and 
AS° obtained in 4 representative experiments are shown in Table 
II. Furthermore, these results. were obtained with three dif- 
ferent preparations of yeast sodium ribonucleate. Blank values 
without the enzyme did not change over the temperature range 
30-80°, the average of 250 blank determinations being 0.045 + 
0.008 optical density units. 


DISCUSSION 


It is apparent that enzymatic specificity imposes stringent 
requirements on the spatial configuration of this globular protein. 
Of the many interacting forces which would tend to stabilize the 
native structure, groups taking part in hydrogen bond formation, 
the presence of disulfide bonds, and the cohesion of nonpolar 
side chains giving rise to hydrophobic forces, may all or individ- 
ually be operative. 

The configurational changes known to occur in ribonuclease 
have recently been discussed by Harrington and Schellman (3) 
and by Tanford and Weber (17, 21). In our experiments, these 
configurational changes were reflected in the catalytic activity 
of the molecule. Furthermore, the temperature range at which 
these structural changes take place (17) coincides with the tem- 
perature range at which there is a loss in activity. Clearly then, 
the secondary structure of ribonuclease is essential for its cata- 
lytic properties. 

Our values for the thermodynamic parameters, AH° and AS°, 


Altered Secondary Structure and RNase Activity 
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are lower than those obtained by previous investigators (3, 17), 
These differences can best be explained in terms of the types of 
measurements used. Our calculations were based on activity; 
changes produced by the interaction of enzyme with substrate 
may be similar to structural changes in the first stages of de- 
naturation. This would then be consistent with the lower values 
obtained for AH® and AS®, in the presence of substrate.  Fur- 
thermore, calculations based on activity need not necessarily be 
a reflection of any extensive disorganization or unfolding. In 
other words, the gross structure of the molecule, as measured by 
activity, need not be affected to the extent that would be indi- 
cated by measuring changes in optical rotation or viscosity de- 
terminations. For example, since the formation of the first turn 
by 1 hydrogen bond in the formation of an @-helix involves 
decrease in entropy of about 25 e.u. (3), the relatively small 
increase in entropy in our system (110 e.u.), going from the native 
to the denatured state, could be an indication of the involvement 
of only 4 hydrogen bonds. Indeed, the loss of activity may be 
a reflection of a disorganization in an extremely localized portion 
of the molecule. 

Finally, although there was no alteration of the covalent strue- 
ture in these experiments, in general, the stabilizing effect of the 
disulfide bonds cannot be overlooked (22, 23). The presence of 
cystine bridges in a single polypeptide chain, such as ribonuclease, 
would obviously impose rigorous restrictions on the secondary 


structure of the enzyme; these restrictions would be reflected in — 


the integrity of the “‘active” center. 


SUMMARY 


1. The activity of the enzyme ribonuclease was measured as a 
function of temperature between 30° and 80°. At pH 5.0 the 
enzymatic reaction exhibits a critical temperature range, 50°-55°, 


which corresponds to the temperature at which the molecule be- | 


gins to unfold. 

2. The activation energy for the reaction is approximately 
20,500 calories. 

3. The thermodynamic parameters, AH° and AS® for the re- 
versible reaction, native = denatured protein, calculated on the 
basis of activity, would seem to indicate that the denaturation 
of the enzyme is localized, rather than involving the entire gross 
structure. 

4. It is concluded that some portion of the secondary, coopera- 
tive structure of the ribonuclease molecule is essential for its 
catalytic activity. 
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to Dr. Charles Tanford, Dr. John P. Hummel, and Dr. Henry B. 
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for the reversible reaction, native protein = denatured protein, — publication. 
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a-Chymotrypsin rapidly catalyzes the release of p-nitrophenol 
from carbobenzoxy-L-tyrosine p-nitrophenyl ester and the re- 
action has been made the basis of a spectrophotometric assay 
requiring only millimicrogram quantities of the crystalline en- 
zyme (1). Other nitrophenyl esters, e.g. of acetic acid (2), hy- 
drocinnamic acid (3), and carbobenzoxyglycine (4) are also hy- 
drolyzed by chymotrypsin despite the absence of structural 
parameters previously considered requisite in substrates sensitive 
to this enzyme (5). As a generalization, an increase in the rate 
of the deacylation reaction is observed as the acyl contributor 
to the sensitive bond approaches the structure of an aromatic 
amino acid residue (3, 6). Trypsin has also been reported to 
hydrolyze p-nitrophenyl acetate (6), a compound of great struc- 
tural variance to other trypsin-sensitive synthetic substrates (5). 
The hydrolysis of this substrate by both chymotrypsin and tryp- 
sin represents another instance of the cross-reactivity of these 
two enzymes to the same or closely related substrates (7-11). 

Other enzymes such as erythrocyte cholinesterase (12), eel 
cholinesterase (13), and the A-, B-, and C-esterases (14-16) are 
also capable of hydrolyzing p-nitrophenyl acetate and related 
esters, e.g. phenyl acetate. Since we are interested in the pos- 
sible use of acylated aromatic amino acid esters containing an 
aromatic alcohol as contributor to the sensitive bond for the assay 
of proteolytic enzyme activity in very small tissue samples, it 
was considered appropriate to determine if enzymes other than 
chymotrypsin could hydrolyze carbobenzoxy-L-tyrosine p-nitro- 
phenyl ester. 

Preliminary reports of some of this material have appeared 
(17, 18). 


EXPERIMENTAL 


Materials—The CTN! preparation has been described else- 
where (1) and was dissolved in acetone before use.2~ Other sub- 


* This investigation was supported, in part, by Research Grants 
A-727 and A-2996 from the National Institutes of Health, United 
States Public Health Service, and by the Office of Naval Research 
under contract 1833(00), NR 101-412. 

1The abbreviations used are: BAL, 2,3-dimercaptopropanol 
(British anti-Lewisite); CTN, N-carbobenzoxy-L-tyrosine p-nitro- 
phenyl ester; DFP, diisopropylphosphofluoridate; TAME, N-- 
tosyl-L-arginine methyl ester; Tris, tris(hydroxymethy]l)amino- 
methane. 

2 An improved method for the synthesis of CTN is as follows. 
Equimolar quantities (1.0 mmole) of carbobenzoxy-.L-tyrosine, 
p-nitrophenol, and N,N’-dicyelohexylearbodiimide (Mann Re- 
search Laboratories, New York 6, New York) were added, in the 


strates were commercial preparations. Trypsin (Lot No. T582, 
once crystallized), papain (Lot No. 5436, crystalline), earboxy- 
peptidase (Lot No. 597, 3 times crystallized), pepsin (Lot No. 
623, twice crystallized), and wheat germ lipase (Lot No. 5519) 
were obtained from the Worthington Biochemical Corporation, 
Thrombin (bovine, topical) was obtained from Parke, Davis and 
Company. The potency of the enzyme, in terms of the NIH 
thrombin unit (T.U.) (19) was accepted as stated on the manu- 
facturer’s label (however, cf. (20)). Practically all of the experi- 
ments with thrombin were done with a single sample which con- 
tained 15.6 ug. of protein per T.U. A plasminogen preparation 
equivalent to the solution B of Kline (21) was prepared from 
human plasma Fraction III. A human plasmin preparation 
(Actase, Ortho Pharmaceutical Company) was also used.  Fi- 
brinogen was obtained from the Warner-Chilcott Laboratories. 
Electric eel cholinesterase was obtained from Professor I. B. 
Wilson who stated that the total sample was capable of hydro- 
lyzing 350 umoles of acetylcholine per minute. The preparation 
was dissolved in 1.0 ml. of 0.1 Mm NaCl and this solution will be 
referred to as the “stock enzyme.” Insufficient material was 
available for a protein determination. Other enzyme prepara- 
tions were made up as follows: trypsin in 0.12 M CaCl, pepsin 
in 0.001 nN HCl, carboxypeptidase in 10 per cent LiCl, plasmin 
in 0.15 Mm NaCl, and thrombin, papain, and wheat germ lipase 
in water. 

Methods—The velocity of CTN hydrolysis was determined by 
measurement of the rate of appearance of p-nitrophenol (as the 
p-nitrophenoiate ion) at 400 mu. Details of the assay procedure 
were as previously described (1) and reaction solutions contained 
0.50 ml. of 0.20 m Tris buffer (pH 8.0), 1.00 ml. of 0.30 m CaCl, 
0.35 ml. of methanol, 0.20 ml. of enzyme, 0.10 ml. of CTN (in 
acetone), and water to 3.00 ml. volume. The temperature was 
30.0°. In the papain assays, CaCl. was replaced with KCI at a 
concentration of 0.30 m. BAL was used at a concentration of 
approximately 10-° m for the activation of papain and was added 
to the reaction solution immediately after papain addition and 
just before the addition of substrate. In experiments with other 


order listed, to 10 ml. of tetrahydrofuran. After 3 hours at room 
temperature, the precipitate that had formed was filtered off and 
the filtrate taken to dryness by vacuum distillation. Solution of 
the residue inethyl acetate followed by its removal, in a vacuum, 
gave acrystalline product, which, after recrystallization from hot 
chloroform, melted at 157-158°; vield, 65 per cent. 

The optical rotation in acetone (fa]> —16.3; 1.0 per cent) was 
identical to that obtained with CTN prepared by a mixed an- 
hydride procedure (1). 
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enzymes, methanol and salt were omitted. The initial substrate 
concentration, a9, was between 4.0 and 4.5 & 10-5 mM when meth- 
anol was present in the reaction solution; in the absence of meth- 
anol, @9 was about 2.5 10-5 Mm. Within the limit concentra- 
tions of methanol and salt employed, the value of «4%, for the 
p-nitrophenolate ion was not affected. The CTN spontaneous 
hydrolysis rate, however, was increased approximately 1.5-fold 
in the presence of 11.7 volumes per cent methanol and 0.30 mM 
KCI. 

The hydrolysis of TAME, triacetin, and of acetylcholine was 
determined by potentiometric null point titration at 30° and 
pertinent details will be given in the text. The clotting of fibrin- 
ogen was measured at pH 7.0 (Tris buffer) and ionic strength 
0.15 at 37° in solutions containing 66 yg. of clottable protein per 
ml. 

Trypsin, carboxypeptidase, and soybean inhibitor concentra- 
tions were determined by absorbance measurements at 280 my 
with the following extinction coefficients for a 1.0 per cent solu- 
tion: 14.4 for trypsin (22), 23 for carboxypeptidase (23), and 8.5 
for sovbean inhibitor (24). In other cases, protein concentration 
was determined by the method of Lowry et al. (25). 

Initial velocities, vo, defined as the increase in absorbaney at 
400 mp per second (where CTN was the substrate) or as the 
umoles of substrate hydrolyzed per minute, were corrected for 
nonenzymic contributions to the total rate and were determined 
in the range wherein proportionality to enzyme concentration 
obtained. 

Kinetic Studies: Trypsin, Papain, and Thrombin—Rate curves 
for the hydrolysis of CTN by trypsin, papain, and thrombin are 
given in Fig. 1. Trypsin hydrolyzed CTN according to first 
order kinetics; a plot of log ao/a versus ¢ giving a straight line 
(Fig. 1, inset graph). At a trypsin concentration of 40.2 mug. 
per ml. and with a9 equal to 4.37 X 10-5 M, the apparent first 
order reaction constant, k’, was calculated from the slope of the 
line to be 5.56 & 10-3 see.-!. In the nonenzymiec hydrolysis of 
CTN, the first order reaction constant equals 6.4 * 10-4 see.-. 

The hydrolysis of CTN by thrombin did not fit first order re- 
action kineties (Fig. 1). If the reaction can be described by the 
integrated form of the Michaelis-Menten equation (26) 


kyet = 2.3 K, log ao/a + (ay — a) (1) 


where k3 is the velocity constant for the decomposition of the 
enzyme-substrate complex in the usual reaction formulation 


ks 


E+S ES »+B+P (2) 


2 

a plot of (ag — a)/t versus log (ao/a)/t will give a straight line 
with a slope equal to —2.3 A,. When the data were plotted in 
this manner A, was calculated from the slope of the line to be 
57 X 10-6. A value similar to this was obtained by the solu- 
tion of a series of simultaneous equations derived from expres- 
sions of k3 as a function of A, at varying times of the reaction 
(27). Substitution of the above A, value into Equation | gavea 
straight line with zero intercept when the quantity 2.3 A, log 
a)/a + (a9 — a) was plotted against ¢ (Fig. 1, inset graph). 

The data for the papain experiment gave an apparent fit to 
Equation 1, with the K, value for the reaction as determined by 
conventional means (see below), but this has little significance 
due to the considerable contribution to the total rate of the BAL- 
induced liberation of p-nitrophenol from CTN. 
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Activity was proportional to the trypsin, papain, and thrombin 
concentration over a 10-fold range or greater (Fig. 2A). 

Trypsin catalyzed the hydrolysis of CTN optimally at pH 7.8 
(Fig. 2B). This agrees with the effect of pH on the hydrolysis 
of other substrates sensitive to this enzyme (28). 

The pH activity curves for the hydrolysis of both TAME and 
CTN by papain are given in Fig. 2B. Above pH 7.0, the rate 
of TAME or CTN hydrolysis decreased. Kimmel and Smith 
(29) have reported a somewhat different pH curve for the papain- 
catalyzed hydrolysis of TAME; above or below pH 6, activity 
towards this substrate is considerably decreased. 

The maximal velocity of CTN hydrolysis by the thrombin 
preparation occurred at pH 8.5 (Fig. 2B). The pH optimum for 
the hydrolysis of TAME by this enzyme in the presence of a 
Tris buffer has been reported to be at about 9 (30). When 
borate or phosphate buffers are used (30) or in the absence of 
buffer (20), the optimum is shifted to pH 8 or lower. 

The effect of CTN concentration on the rate of hydrolysis by 
trypsin, papain, and thrombin was also studied. In these ex- 
periments, thrombin activity was measured in reaction solutions 
containing 11.7 volumes per cent methanol and 0.30 m KCl to 
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Fic. 1. Rate curves for the hydrolysis of CTN by trypsin 
(O——O), papain (A——A), and thrombin (@ @). In the 
thrombin-catalyzed reaction, a>) equaled 2.06 K 10-5 m; otherwise, 
dy Was 4.37 K 10-5 mM. Enzyme concentrations: trypsin, 40.2 myg. 
per ml.; papain, 1.35 wg. per ml.; turombin, 0.66 T.U. per ml. In- 
sert graph: the fit of the rate curves from the trypsin- and throm- 
bin-catalyzed reactions to the first order and integrated Michaelis- 
Menten equation, respectively. For trypsin (O——O), F = log 
ao/a (right ordinate); for thrombin (@——@), F = [2.3 K, log 
ao/a + (ao — a)| X 105 (left ordinate). The time scale for the 
insert graph is numbered above the abscissa line. See text for 
other details. 
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Fic. 2A. Velocity of CTN hydrolysis as a function of enzyme 
concentration. Abscissa value of unity equivalent to 74.4 mug. 
of trypsin (O——O), 2.16 wg. of papain (A——A), and 1.0 T.U. 
(@——®) per ml. 

B. Velocity of CTN hydrolysis as a function of pH; trypsin 
(O——O), papain (A——A), thrombin (@——@). The solid 
triangles (A———A) were derived from the papain-catalyzed hy- 
drolysis of TAME (ao, 0.025 m) in the presence of 6.6 X 10-3 m 
BAL. 


20 3.0 40 5.0 60 
Oo M 


Fic. 3. The dependence of the velocity of CTN hydrolysis upon 
substrate concentration. Data plotted according to Woolf (31); 
trypsin (O——O) and thrombin (@——@®@), left ordinate and 
lower abscissa; papain (A——A), right ordinate and upper ab- 
scissa. 


permit of comparisons with the trypsin and papain data and to 
enable greater latitude in the range of ap used. The data are 
plotted as ao/vo against do (31) (Fig. 3). From the slopes and 
intercepts of the subjectively drawn lines, values for K, and the 
specific rate constant, ks, were calculated, the latter on the basis 
of one active site per molecule. The data are given in Table I 
and are compared with previous results obtained with a-chymo- 
trypsin (1) and with corresponding constants for the hydrolysis 
of other substrates by these enzymes. A discussion of the data 
in Table I will be deferred until later in the text. 
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Trypsin Experiments—It has been reported that trypsin prep- 
arations are often contaminated with enzymic activity displaying 
the catalytic characteristics of chymotrypsin (35). On the basis 
of its activity towards N-acetyl-L-tyrosine ethyl ester at pH 8.0, 
and assuming that the contaminant was chymotrypsin, the 
trypsin preparation used in these experiments contained about 
2.5 per cent by weight of this enzyme. However, on the basis 
of weight considerations alone, trypsin can be considered to be 
an effective catalyst of CTN hydrolysis, e.g. equal values of v9 
are obtained with either 10.0 myg. of trypsin per ml. (ef. Fig. 
2A) or with 2.3 mug. of chymotrypsin per ml. (1). . 

Incubation of trypsin with either the lima bean inhibitor, the 
bovine plasma trypsin inhibitor, or ovomucoid completely in- 
hibited CTN hydrolysis. Determination of remaining enzyme 
activity in the presence of increasing concentrations of the soy- 
bean inhibitor gave essentially parallel inhibition curves with 
both TAME and CTN as substrates (Fig. 4). From the inter- 
cept value on the abscissa, 0.70 to 0.75 mg. of soybean inhibitor 
is required to inhibit 1.0 mg. of trypsin. Green (36) has reported 
a similar value (0.76 mg. of soybean inhibitor per mg. of trypsin) 
from data obtained with N?-benzoyl-L-arginine ethyl ester as 
substrate. 

Incubation of trypsin with DFP completely inhibited CTN 
hydrolysis. 

Thrombin Experiments—Two different samples of thrombin 
did not differ in their ability to hydrolyze TAME and CTN 
(Table II). It has been reported that the soybean inhibitor, 
while effective against plasmin (37), does not produce inhibition 
of thrombin with TAME as substrate (30). This observation 
was confirmed and it was also demonstrated that the soybean 
inhibitor had no effect on CTN hydrolysis by the thrombin prep- 
aration (Table II). However, DFP will inhibit thrombin activ- 
ity (38, 39). Incubation of thrombin with DFP (0.01 m) at pH 
8.0 for 5 minutes at 30° before assay resulted in a loss of 96 and 
88 per cent of the activity towards CTN and TAME, respec- 
tively. In the presence of 0.025 m TAME, CTN hydrolysis was 
completely abolished. 

Ehrenpreis and Scheraga (20) have reported that Parke, Davis 
thrombin preparations contain a probable enzyme component, 
E;,, which catalyzes the disruption of the fibrin monomer formed 
as the result of thrombin action on fibrinogen. This enzyme was 
much more stable to low pH values than was thrombin; its ac- 
tivity being decreased about 2-fold upon exposure of a thrombin 
preparation to pH 3.48 for 10 minutes (temperature unspecified) 
as opposed to a greater than 99 per cent loss in thrombin activity 
(20). Ina similar experiment at 30°, 95 per cent of the total 
thrombin activity was destroyed as determined with either CTN 
or TAME as test substrates (Table I1). This would indicate 
that the postulated £;, (20) was not responsible for CTN hy- 
drolysis. 

The effect of heating at 55° upon the enzyme activity of the 
thrombin preparation was followed by activity determinations 
against CTN, TAME, and fibrinogen (Fig. 5). The loss of ac- 
tivity towards CTN with increasing periods of heating paralleled 
the decreased activity towards TAME and fibrinogen. 

When thrombin was chromatographed by the technique of 
Rasmussen (40), the distribution of purified thrombin in various 
fractions determined with TAME as the test substrate coincided 
with the activity profile towards CTN. 

Papain Experiments—Complete activation of papain can be 
obtained in the presence of a reducing agent, such as cysteine, 
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TABLE I 


Kinetic constants for hydrolysis of CTN and other substrates 


All rate measurements with CTN as substrate were made at pH 8.0 and 1/2, 
Molecular weights used were 24,000 for trypsin (32) and 20,500 for papain (33). 


ture was 30°. 


0.3 in 11.7 volumes per cent methanol. The tempera- 


Substrate 
TEE? 
CTN TAME BAA ATEE 
| K, | K, k K. ky 
(Mm X 10°) (mM X 10°) (sec.~!) (Mm X 105) (M X 10°) (sec.~') 
Trypsin... 15 | 290 IS7° | | 
Thrombin.......... S.6 | 224 110° 9.24. ¢ 
| 0.66 | 1.5 5000 11.2 
Chymotrypsin.......... | | 3.2 | 480 6: | 174 


| 


at pH 5.2, 38° 


, 10 volumes per cent methanol (34). 


' N-acetyvl-L-tyrosine ethyl ester at pH 8.0, 25°, 0.10 Mm CaCl., no methanol (1). 


«At pH 8.0, 25°, 0.10 CaCl., no methanol. 
4 (moles min.~! T.U.-! ml.-') 105, 
‘At pH. 8.0, 30°, no methanol. 


O 


Oo 


Per cent Activity Remaining 


A 
O 0.2 O04 0.6 08 1.0 
Mg. Soybean Inhibitor per Mg. Trypsin 


Fic. 4. The inhibition of the trypsin-catalyzed hydrolysis of 
TAME and CTN by soybean inhibitor: (A——A), CTN as sub- 
strate; (O——O), TAME as substrate. In the TAME assays, ap 
was about 0.01 m and CaCl, was present at 0.10 mM. The pH was 
8.0. 


and a divalent cationic chelating agent, such as ethylenediamine- 
tetraacetate (29) or in the presence of BAL alone (34). Alter- 
natively, passage of papain through a mixed bed ion exchange 
column (41) permits one to obtain fully activated papain free 
from reducing agents and heavy metal cations. The effect of 
BAL on the papain-catalyzed hydrolysis of CTN is shown in 
Fig.6. Inthe absence of BAL, hydrolysis of CTN did not occur. 
Approximately 6.6 & 10-° Mm BAL was necessary for the maxi- 
mal activation of papain. As reported previously (1), BAL alone 


induces the release of p-nitrophenol from CTN (Fig. 6). 
lodoacetamide and p-chloromercuribenzoate are known to 
completely inhibit papain activity (29). 


Incubation of papain 


The ionic strength varied from 0.001 to 0.02. 


Taste Il 
Comparison of TAME and CTN hydrolysis by thrombin 


Reaction solutions for TAME assays contained about 0.025 m 
TAME, 0.001 m Tris buffer, and8.3 T.U. perml. CTN assays were 
conducted in similar reaction solutions but with the buffer con- 
centration increased (cf. ‘‘Eexperimental’’) and with CTN equal 
to 2.3 & 10-5 mM. Enzyme was present at 0.32 T.U. per ml. The 
pH was 8.0 and the temperature was 30°. Thrombin plus soybean 
inhibitor (1.2 wg. per T.U.) or DFP (0.01 mM) was incubated at 30° 
for 5 minutes before addition to the reaction solutions. Activity 
is expressed as the umoles of substrate hydrolyzed per minute 


per T.U. Thrombin preparation A contained 15.6 yg. of protein 
per T.U. 
Treatment | [Rol X 10° [hol 102 
None, preparation A. 16.6 | 10.8 
None, preparation B. 16.0 10.8 
Preparation A plus neyboan | in- 
Preparation A plus DF Pp Psi 0.70 1.3 
Preparation A plus TAME 0. 025) 
Preperation B, exposed to pH 
3.5 for 10 min. at 30°). | 0.81 0.60 


at pH 7.0 for 30 minutes at 1° in the presence of either of these 
two compounds, followed by dilution and assay (final inhibitor 
concentration, 8 demonstrated that activity toward 
TAME and CTN had been abolished. Although papain cata- 
lyzes the hydrolysis of an ester substrate, DFP will not inhibit 
this enzyme (29). Incubation at pH 8.0 for 3 hours at 1° with 
0.002 m DFP before assay produced no decrease in the rate of 
either TAME or CTN hydrolysis as compared to the rate ob- 
tained with papain similarly treated but with DFP absent. 

In all of the papain assays, appropriate corrections for the con- 
tribution of the BAL-induced release of p-nitrophenol to the total 
rate were applied. A number of the above experiments were 
also done with the use of eysteine and ethylenediaminetetra- 
acetate as replacements for BAL. The results were comparable 
in each case. 
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Fig. 5. The heat-inactivation of thrombin. Aliquots of throm- 
bin (250 T.U. per ml.), in about 15 ml. volume Pyrex glass-stop- 
pered tubes were immersed in a bath at 55° for times indicated, 
rapidly chilled, and diluted as necessary for assay against TAME 
(O——O), CTN (A A), and fibrinogen (@——@). Condi- 
tions for TAME assay as in Table II. See ‘“‘Experimental’’ for 
conditions of fibrinogen-clotting assays. 


$0 


[BAL] x 


Fia. 6. The effect of BAL on the papain-catalyzed hydrolysis 


of CTN. Papain concentration, 3.6 wg. per ml.; ao, 4.58 & 10-5 
M. The lower curve represents the effect of BAL on the hydrol- 
ysis of CTN in the absence of papain. 


Experiments with Plasmin—Plasminogen, upon treatment with 
streptokinase or other activators (42, 43), yields plasmin, an 
enzyme capable of hydrolyzing TAME, t-lysine ethyl] ester, and 
casein, and active in the dissolution of a fibrin clot. The plas- 
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Fic. 7. The autocatalytic conversion of plasminogen to plasmin. 
Increase in plasmin activity followed with TAME (O——O), 
L-lysine ethyl] ester (@——-@), and CTN (0 0) as substrates. 
Activation mixture contained 8.0 ml. of plasminogen (11.6 mg. 
protein per ml.), 0.42 ml. of 1.0 m phosphate buffer (pH 7.6), 8.42 
ml. of glycerol, and 0.1 ml. of plasmin (Actase). The temperature 
was 37°. At zero and other indicated times, aliquots were re- 
moved and added to reaction flasks containing either 0.02 m TAME 
(pH 8.0), 0.02 m L-lysine ethyl ester (pH 6.5), or CTN (2.5 X 1075 
M). With CTN as substrate, 0.2 ml. of activation mixture used 
per reaction; in the other assays, 0.4 ml. aliquots were used per 
3.0 ml. reaction volumes. 


minogen to plasmin transformation can also be achieved by an 
autocatalytic reaction in the absence of activators (44). 

Incubation of plasminogen with CTN did not result in the re- 
lease of p-nitrophenol. Hydrolysis did occur, however, if plas- 
minogen was first preincubated with streptokinase (800 units) 
at pH 8.0 for 5 minutes at 37° before addition to the CTN re- 
action solution. Streptokinase alone did not hydrolyze this sub- 
strate. Parallel experiments with TAME as the test substrate 
gave the same results. 

During the autocatalytic activation of plasminogen, the rate 
of increase in activity toward TAME, L-lysine ethyl ester, and 
CTN approximately paralleled each other although a lag in the 
appearance of CTN hydrolyzing activity was noticeable (Fig. 7). 
When an aliquot was removed from the activation mixture at 
the end of 44 hours and dialyzed against 0.01 nN HC] at 3 to 4° 
for 1S hours, it was found that about 50 per cent of the activity 
had been lost as determined with either CTN or TAME as the 
test substrate. This loss of plasmin activity upon dialysis is at 
variance with reports by other investigators (44). 

L-Lysine ethyl ester and TAME are effective inhibitors of 
casein digestion by plasmin (37). Wehave also found that these 
compounds inhibit the plasmin-catalyzed hydrolysis of CTN. 
At concentrations of 0.016 m TAME or t-lysine ethyl ester in 
the reaction solution, CTN hydrolysis was decreased 16 and 79 
per cent, respectively. 


Vol. 234, No.7 


Tele 
pla 
A dit 
eit 
| sun 
| sul 
dre 
(5) 
(" 
the 
fer 
pe 
pr 
an 
° 
bt 
hy 
al 
(0 
cr 
bi 
hi 
tl 
cl 
liy 
6 
ti 
40 
tl 
d 
a 
3.0 ( 
O 
fe) p 
p 
b 
| ‘ 
n 
| ( 
O 4 8 2 
| 
\ 


July 1959 


Plasmin can be inhibited by organophosphates (45). When 
plasmin was incubated with DFP under less than optimal con- 
ditions, the inhibition produced was found to be the same with 
either TAME or CTN as test substrates. 

Experiments with Carboxypeptidase, Wheat Germ Lipase, Pep- 
sin, and Eel Cholinesterase—Although carboxy peptidase-sensitive 
substrates possess a free carboxyl group, this enzyme will hy- 
drolvze the ester substrate, benzoyl-glyveyl-8-phenyllactic acid 
(5). Incubation of carboxypeptidase (0.1 mg. per ml.) with 
CTN resulted in the rapid release of p-nitrophenol. However, 
the reaction was completely inhibited by DFP and was not af- 
fected by 1,10-phenanthroline. DFP does not inhibit carboxy- 
peptidase (46) whereas 1,10-phenanthroline will inhibit the en- 
zvme (47) and thus, hydrolysis of CTN by the carboxypeptidase 
preparation was probably due to contaminating chymotrypsin 
and trypsin (35). 

The ability of a wheat germ lipase preparation to hydrolyze 
CTN was studied in experiments with not only this substrate 
but also by parallel assays with triacetin (48) as substrate. The 
hydrolysis of triacetin was measured at pH 7.6 with substrate at 
about 0.05 m. Incubation of the lipase with iodoacetamide 
(0.01 m) at pH 6.6 for 1 hour at 35° produced comparable de- 
creases in the velocities of hydrolysis of both substrates. Incu- 
bation with p-chloromercuribenzoate (10-4 mM) resulted in a 2-fold 
greater inhibition of triacetin hydrolysis as compared to the in- 
hibition of CTN hydrolysis. However, Singer (49) has reported 
that the degree of wheat germ lipase inhibition by p-chloromer- 
curibenzoate varies with the substrate of assay. Exposure of the 
lipase preparation to 50° for 15 minutes caused a 50 per cent de- 
crease in the hydrolysis of triacetin. The rate of CTN hydrolysis 
was not affected. With more drastic conditions (10 minutes at 
§2°), the lipase preparation had lost over 90 per cent of its ac- 
tivity towards triacetin whereas the rate of CTN hydrolysis was 
decreased by only 10 per cent. Thus, it would appear that if 
the enzyme capable of triacetin hydrolysis can attack CTN, it 
does so at a very slow rate and that the wheat germ lipase prep- 
aration contains an additional enzyme capable of hydrolyzing 
CTN. 

It has been previously reported that pepsin, at an approximate 
concentration of 33 yg. per ml., was unable to release p-nitro- 
phenol from CTN at pH 8.0 (1). This was one of a number of 
proteins tested at this pH to demonstrate that CTN hydrolysis 
by chymotrypsin was not due to a nonspecific acylation reaction. 
The ability of pepsin to hydrolyze CTN was reinvestigated in 
unbuffered reaction solutions containing 0.15 mg. of pepsin per 
ml. at pH 3.2 and 6.7. At these pH values, the change in ab- 
sorbaney at 275 my was used to detect the disappearance of CTN 
(1). However, even at the lower pH, hydrolysis of CTN by pep- 
sin was not observed. 

The activity of the cholinesterase preparation was measured 
at pH 8.0 with acetylcholine bromide (0.004 M) as substrate in 
reaction solutions containing 0.001 m Tris buffer, 0.1 Mm NaCl, 
0.04 a MgCl, and enzyme at a concentration of 2.5 « 10-4 ml. 
stock enzyme (cf. ‘““E-xperimental’’) per ml. (50). In our assays 
we found that 1.0 ml. of stock enzyme was capable of hydre- 
lvzing 325 wmoles of acetylcholine per minute, in good agreement 
with the stated potency (ef. “Experimental’’). In the presence 
of acetone (3.3 volumes per cent) the activity was decreased to 
IS5 umoles per minute per ml. 

The hydrolysis of CTN by the cholinesterase preparation was 
studied under identical conditions of acetone, NaCl, and MgCl, 
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concentration with substrate equal to 2.5 « 10-5 m but with 
buffer concentration increased (cf. ‘‘Experimental”’) and with 
stock enzyme at 330 X 10-4 ml. per ml. One ml. of the enzyme 
preparation was capable of hydrolyzing 6.8 xX 10-3 umole of 
CTN per minute. However, at the enzyme concentration used 
(132-fold greater than for acetylcholine hydrolysis), the velocity 
of the reaction was only 1.4-fold greater than the nonenzymic 
rate. Despite the low order of activity observed, it was com- 
pletely abolished by preincubation of the stock enzyme solution 
at 1° for 2 hours with DFP (1.6 «* 10-3). 


DISCUSSION 


Evidence has been presented which would indicate that tryp- 
sin, papain, thrombin, and plasmin catalyze the release of p-nitro- 
phenol from CTN. Carboxypeptidase, wheat germ lipase, cho- 
linesterase, and pepsin were ineffectual in catalyzing this reaction. 
The first group of enzymes thus share with a-chymotrypsin (1), 
the ability to hydrolyze an acylated aromatic amino acid ester, 
despite the fact that the most sensitive substrates for these en- 
zymes contain a basic amino acid residue, e.g. TAME. The ap- 
parent breakdown of differentiation in substrate specificity pat- 
terns, although less marked for papain than for trypsin, thrombin, 
and plasmin since the former has been reported to hydrolyze 
N-acetyl-L-tyrosinamide (29), is not believed to represent the 
consequences of CTN acting as a nonselective acylating agent. 
If this were true, one would expect that many other proteins 
could mediate the liberation of p-nitrophenol from CTN al- 
though, in this, and in a preceding paper (1), this was found not 
to occur. In every example with which we are concerned, the 
protein concentration necessary for the demonstration of CTN 
hydrolysis was lower than that necessary for the demonstration 
of hydrolysis of an acceptable test substrate. It should also be 
mentioned that incubation of chymotrypsin with acetyl-pL- 
phenylalanine p-nitrophenyl! ester resulted in the rapid release of 
p-nitrophenol in an amount corresponding to 50 per cent hy- 
drolysis.2 The remaining isomer, presumably the p-form, was 
either not hydrolyzed or hydrolyzed at a very slow rate. 

Inspection of the data in Table I reveals that, in every case, 
K, for CTN hydrolysis is lower than that of a comparison sub- 
strate of accepted sensitivity. In addition, values of the specific 
rate constant, k3, are higher than that observed with the com- 
parison enzyme-substrate system with the exception of the hy- 
drolysis of V*-benzoyl-L-argininamide by papain. In this ease, 
k3 is somewhat greater than that found for the papain-CTN sys- 
tem although, as with other systems listed, reaction parameter 
differences do not permit of rigorous comparison. Kimmel and 
Smith (29) have reported that papain hydrolyzes this amide sub- 
strate at an over-all velocity essentially equivalent to that ob- 
tained with TAME; a result markedly different from the much 
lower susceptibility of an amide substrate, as compared to the 
corresponding ester, when the enzyme is trypsin or chymotrypsin 
(5). Ina recent paper by Smith and Parker (51) values for K, 
of 0.04 M and for ks; of 9 see.-' (both values estimated from graph- 
ical plots) were reported for the papain-eatalyzed hydrolysis of 
N*-benzoy|-L-arginine ethyl ester at pH 8.0 and 25°; values very 
similar to those reported for the hydrélysis of the amide analog 
(Table I). In view of the great dissimilarity in A, for the hy- 
drolysis of CTN and N?-benzoyl-L-argininamide by papain, and 
the approximately equal values for ks, the data suggest support 
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for the concept that both substrates funnel through the same 
intermediate complex, @.e. a thiol ester complex of enzyme plus 
substrate, as suggested by Stockell and Smith (34) and further 
elaborated by Smith (52). Gutfreund (53) has suggested a sim- 
ilar rate determining step during the hydrolysis of N¢-benzoyl- 
L-argininamide by ficin. 

As would be expected from the correspondence of CTN to the 
structural requirements fora chymotrypsin substrate (5), chymo- 
trypsin hydrolyzes this substrate at a rate greater than the other 
enzymes listed. The high k3; value for the trypsin-catalyzed 
hydrolysis of CTN, however, compares favorably with the chy- 
motrypsin-CTN system, 290 sec.~! versus 480 sec... Certainly, 
steric factors alone cannot explain this result. For instance, 
Schwert and Eisenberg (54) found that in the trypsin-catalyzed 
hydrolysis of a series of N*-benzoyl-L-arginine esters, both K, 
and ks remained constant when R in R,COOR was either a 
methyl, isopropyl, cyclohexyl, benzyl, or an a-glyceryl group. 
One possibility would be that the susceptibility of acylated non- 
basic amino acid esters to trypsin hydrolysis would be governed, 
in part, by the electron density of the ethereal oxygen atom. 
Such a reduction in the electron density would be expected to 
occur in an ester containing the p-nitrophenoxide group. The 
leveling effect of this group upon specificity to the amino acid 
residue is also indicated by the fact that trypsin, chymotrypsin, 
and papain will also hydrolyze the p-nitrophenyl esters of car- 
bobenzoxyglycine and carbobenzoxy-L-methionine (18). Other 
examples are the hydrolysis of p-nitrophenyl acetate by chymo- 
trypsin (2) and trypsin (6), and the hydrolysis of the correspond- 
ing esters of isobutyric, trimethylacetic, hydrocinnamic, and 
hippuric acid by chymotrypsin (3). Acylation and subsequent 
deacylation of the reactive site in 6-chymotrypsin have also been 
observed with p-nitrophenyl acetate, aliphatic acid anhydrides, 
and aromatic acid chlorides (6). The acylated intermediate 
formed with the anhydrides would probably be structually sim- 
ilar to that formed during the hydrolysis of n-fatty acid esters 
of hydroxybenzoiec acid (9). A decrease in the velocity of hy- 
drolysis occurs when an ethoxide group is substituted for the 
p-nitrophenoxide group in CTN. With chymotrypsin as_ the 
test enzyme, k3 equals 13 sec.-' and A, has the value of 0.04 m* 
(compare with values for CTN, Table I). It is extremely doubt- 
ful if catalysis of carbobenzoxy-L-tyrosine ethyl ester could be 
detected with even large quantities of trypsin. 

Further discussion of these questions must be deferred until 
additional experimental evidence can be obtained concerning the 
significance of the alcohol contributor to the susceptible bond in 
an ester substrate in relation to the ease of hydrolysis. 

In an essentially aqueous solution, the release of p-nitrophenol 
during the thrombin-catalyzed hydrolysis of CTN follows a time 
course predicted by the integrated Michaelis-Menten equation. 
Under such conditions, A, was determined graphically from a 
single rate curve (cf. “Results”) to be 0.57 &* 10-5 mM. From 
the plot of 2.3 A, log ao/a + (ao — a) versus t (cf. Fig. 1), k3 can 
be calculated from the slope of the line and the enzyme concen- 
tration to be 2.4 10-5 moles min.~! T.U.-! ml.-!. Compar- 
ison of these values with those listed in Table I (K,, 8.6 x 10-5; 
k3, 22 X 10-5), obtained from measurements of vp at ionic strength 
0.3 in reaction solutions containing 11.7 volumes per cent meth- 
anol shows that under these later conditions both A, and k3 are 
increased in magnitude. An increase in the over-all velocity of 
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p-nitrophenyl! acetate hydrolysis by chymotrypsin has been re- 
ported to occur upon the addition of methanol (55). 

The lack of reactivity of pepsin and carboxypeptidase towards 
CTN would agree with the present knowledge of their specificity 
requirements toward synthetic substrates (28). Attention might 
be called to the fact that, in these two cases, the test systems con- 
tained enzyme at concentrations of approximately 0.1 to 0.15 
mg. of protein per ml., yet the liberation of p-nitrophenol was 
not observed. 

Substrates for true cholinesterase contain the acetyl or pro- 
pionyl grouping but do not require choline as the alcohol con- 
tributor to the sensitive bond (56). For example, eel cholines- 
terase hydrolyzes p-nitropheny! acetate at a rate approximately 
0.1 that observed for acetylcholine (13). Since we observed that 
the cholinesterase preparation used in our studies hydrolyzed 
CTN at a rate approximately 1 /27,000 of that observed for acetyl 
choline, CTN cannot be considered to be a substrate for this 
enzyme. 

In view of the fact that CTN is hydrolyzed by such diverse 
enzymes as chymotrypsin, trypsin, papain, thrombin, and plas- 
min, its use as a test substrate should be employed with caution. 
As indicated in this paper and elsewhere (1), it can be used as a 
substrate for enzyme activity determinations in those situations 
wherein either highly purified enzymes are employed or prelim- 
inary experimentation has shown that CTN (or another acylated 
amino acid p-nitropheny! ester) will adequately serve as an in- 
dicator for the activity of an enzyme in a less purified state. 
Examples of the latter application are the assay of partially pu- 
rified thrombin and plasmin. 


SUMMARY 


The hydrolysis of N-carbobenzoxy-L-tyrosine p-nitrophenyl 
ester by a number of different enzyme preparations of varying 
specificity requirements has been investigated. The velocity of 
hydrolysis was determined by measurement of the rate of appear- 
ance of p-nitrophenol at 400 my. Trypsin, papain, thrombin, 
and plasmin catalyze the hydrolysis of this substrate despite the 
fact that substrates containing a basic amino acid residue, e.g. 
N*-tosyl-L-arginine methyl ester, are considered the most sensi- 
tive known substrates for this group of enzymes. The kinetics 
of N-carbobenzoxy-L-tyrosine p-nitrophenyl] ester hydrolysis by 
trypsin, papain, and thrombin have also been investigated. 
Other enzymes studied, viz. carboxypeptidase, wheat germ li- 
pase, pepsin, and electric eel cholinesterase were not observed to 
hydrolyze N-carbobenzoxy-L-tyrosine p-nitrophenyl ester. 
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Hill, North Carolina, for a sample of lima bean inhibitor; Dr. 
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M. Laskowski, Department of Biochemistry, Marquette Univer- 
sity, School of Medicine, Milwaukee, Wisconsin, for a sample of 
hovine plasma trypsin inhibitor; and Dr. Ll. B. Wilson, Depart- 
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The azoproteins formed by the coupling of aromatic diazonium 
compounds with proteins have been of great importance in the 
field of immunochemistry (1). The coupling reaction has also 
been used to some extent in enzyme studies (2) to determine 
requirements for histidyl and tyrosyl residues for activity. 
Other groups on the protein may also react, such as the e-amino 
group of lysine (3, 4), although this has not been demonstrated 
directly. In addition it has not been established whether bisazo 
derivatives may be formed with protein tyrosyl and histidyl 
groups. It was of interest to investigate the coupling of di- 
azonium compounds with various amino acids to gain data that 
could be utilized for a more precise description of the groups 
derivatized in a typical azoprotein. In this paper a spectro- 
photometric study is reported on the reaction of diazotized 
aromatic amines with tyrosine, histidine, and ¢€-amino caproic 
acid. 


EXPERIMENTAL 


Diazotization and Coupling—lIn the first series of experiments 
the diazo reagent was added to the amino acid and the absorption 
spectrum of the reaction mixture was read directly. A 0.01 mM 
solution of diazotized arsanilic acid was prepared by adding 1 
mmole of sodium nitrite to 1 mmole of arsanilic acid dissolved 
in 30 ml. of a solution containing 2.5 mmoles of hydrochloric 
acid and 0.2 mmole of bromide ion. The bromide ion was in- 
cluded to catalyze the reaction (5) and to prevent self-coupling 
(6). The sodium nitrite was added over a period of 10 minutes 
with continuous stirring to the arsanilic acid solution kept in an 
ice-salt bath. Diazotization was complete after 60 minutes; the 
solution was made up to 100 ml. and kept at 0°. 

The extent of diazotization was determined quantitatively by 
the method described by Koltun (7), in which aliquots of the 
diazo reagent are coupled with 0.01 m resorcinol at pH 4.5 and 
the absorbance is read at 385 my, taking 21,500 for the molar 
extinction coefficient of the azoresorcinol compound. 

Coupling with the amino acids or their N-acy! derivatives was 
carried out at 5° in 0.01 m borate buffer, pH 9.3 to 9.5. 

Absorption Spectra—Readings were taken with the Beckman 
model DU spectrophotometer with the use of 1 em. cells. The 
molar extinction coefficient, €, was calculated from the equation: 
log Io/I: = ecb, where Ip is the intensity of the light emerging 
from the pure solvent, I, is the intensity of the light emerging 
from the solution, 6 is the thickness of the cell in centimeters, 


* This work was supported by a grant (1°-1543) from the United 
States Public Health Service. 


and c is the concentration of the absorbing species in moles per 
liter. 

pH measurements were made with the glass electrode with the 
Coleman model 18 pH meter or, for more precise determinations, 
the Cambridge pH meter. 

Arsenic was determined by the colorimetric molybdenum blue 
method of Sandell (8). 

Preparation of Mono-(p-azobenzenearsonic acid)-chloroacetyl-t- 
tyrosine—Fifty ml. of a 0.06 m solution of diazotized arsanilie 
acid were added over a period of 30 minutes with continuous 
stirring to 3 mmoles of N-chloroacetyl-L-tyrosine in 25 ml. of 
0.01 m borate buffer at 0°. The pH was kept between 9.0 to 
9.5 with 1 Nn NaOH throughout the addition. After 4 hours at 
0° the reaction mixture was acidified slowly with 0.5 Nn HC] to 
pH 1.8 and the resulting precipitate was collected and washed 
with cold water. The yield was 76 per cent after drying in air 
and in a vacuum over KOH-CaClo. The orange compound was 
redissolved and reprecipitated twice from water by bringing the 
pH up to 9 and then acidifying slowly. The final crystalliza- 
tion was made from ethanol-petroleum ether (b.p. 30-60°); the 
final product (m.p. with decomposition, 188—-190°) contains 1 
mole of alcohol of crystallization. No change in the molecular 
extinction at 325 my was observed as a result of the reprecipita- 
tions. 


C.H;OH (531 6) 


Calculated: C 42.9, H 4.33, N 7.90, As 14.1, Cl 6.70 
Found: C 43.5, H 4.38, N 8.27, As 14.3, Cl 6.57 


Preparation of Bis-(p-azobenzenearsonic acid)-chloroacetyl-1- 
tyrosine—The procedure was exactly as that described for the 
preparation of the monoazo compound, except that 100 ml. of 
0.06 m diazotized arsanilic acid were added to 3 mmoles of 
chloroacetyl-L-tyrosine; yield 51 per cent. The dark brown 
compound was redissolved and reprecipitated 5 times from water 
to a constant molecular extinction at 330 my; decomposition at 
171-174°. 


C 23H 22N;0 wClAs 2° H 20 (731 6) 


Calculated: C 37.7, H 3.26, N 9.55, As 20.5, Cl 4.86 
Found: C 38.2, H 3.44, N 9.49, As 20.1, Cl 4.71 


Preparation of Bis-(p-benzenearsonic acid diazo)-e-amino-n- 
caproic actd—Fifty ml. of a 0.08 m solution of diazotized arsanilic 
acid were added over a period of 30 minutes to 2 mmoles of & 
aminocaproic acid in 20 ml. of 0.02 m NaHCO;-Na.CO, buffer, 
pH 10.5. The pH was kept at 10.5 to 11.0 with 1 Nn NaOH 


1726 


Che 


thre 
solu 

Ag 

tio! 
mat 
pow 
stir 

rial 

DL- 

dric 

uct 

rate 
fror 
rect 
‘| 
tyre 

spe 
The 

cen 
Tal 

anc 
tha 

ma 

rea 

the 

no 

bo 

tio 

or} 

ma 
the 
To 

a 


per 


the 


July 1959 


throughout the addition. After 3 hours at 0° the dark orange 
solution was acidified slowly with 0.5 n HCl to pH 1.8 to 2.0. 
Agum separated out and was collected by decantation and filtra- 
tion. After drying in air and in a vacuum over KOH-CaCl. the 
material was easily powdered; yield 43 per cent. The yellow 
powder was washed by suspending it in 100 ml. of water and 
stirring continuously at 5° for 16 hours. The amorphous mate- 
rial was filtered and dried (m.p. with decomposition 109-111°). 


C isH o3¢ IsN;As 2° H 0 (605.0) 


Calculated: C 35.6, H 4.14, N 11.6, As 24.8 
Found: C 35.2, H 3.87, N 10.3, As 26.2 


Materials—Sodium nitrite was reagent grade. Reagent grade 
arsanilie acid was crystallized once from hot water. N-acetyl- 
pL-histidine was synthesized from L-histidine and acetic anhy- 
dride by the method of Bergmann and Zervas (9); the final prod- 
uct was found to be racemized. N-chloroacetyl-L-tyrosine and 
eamino-n-caproic acid were obtained from Mann Research Labo- 
ratories. Commercial p-aminobenzoic acid was crystallized 
from hot water and reagent grade sulfanilic acid was used di- 
rectly. 


RESULTS 


The results obtained by coupling diazotized arsanilic acid with 
tyrosine, histidine, or their N-acyl derivatives are given in Table 
I. In these experiments the products were not isolated, but the 
spectra of the colored reaction mixtures were determined directly. 
The molar extinction coefficients were calculated from the con- 
centrations of the limiting reactants. The spectra were read in 
0.02 m potassium phosphate buffer, pH 6.2. As can be seen in 
Table I, lower € values are observed with the free amino acids, 
and as the concentration of diazonium ion added approaches 
that of amino acid, the value for € decreases to about half the 
maximum for both tyrosine and histidine. As excess diazo 
reagent is added, the € at 325 my increases once again for 
the coupled derivative of tyrosine. With V-chloroacetyltyrosine 
no drop in € is observed as the diazo reagent is increased, and with 
NV-acetylhistidine there is a decrease in € at 370 my of about 20 


TABLE I 


Change of € as increasing amounts of diazotized arsanilic acid are 
added to tyrosine, histidine, N-chloroacetyltyrosine, 
or N-acetylhistidine 

The coupling reaction was carried out at 5° in 50 ml. 0.01 m 
borate buffer, pH 9.3 to 9.5, by adding aliquots of a 0.01 m solu- 
tion of diazotized arsanilie acid to 100 wymoles of the amino acid 
orits V-acyl derivative. Direct readings of the reaction mixtures 
were taken at pH 6.2 in 0.02 M potassium phosphate buffer after 
making suitable dilutions. The values for e were calculated from 
the concentration of the limiting reactant. 


N-chloroacetyl- | 
N-acetylhistidine 
tyrosine max. 370 mu 


Total diazo- 


tized arsanilic | Histidine 


Tyrosine 
A max. 325 mp 


M. Tabachnick and H. Sobotka 


acid added | X max. 370 my | A max. 325 mu 
| 
19,400 16,900 21,800 20,900 
2 18 250 16,800 21,600 21,500 
4 17,300 16,600 21,700 
10 16,150 15,900 21,500 20,300 
100 8,600 | 9,100 | 20,600 16,900 
200 14,200 | 
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per cent. These results suggest that in the presence of the free 
amino acid, a competitive reaction takes place between the dia- 
zonium ion and the a-amino group, so that less reagent is avail- 
able for coupling with the phenolic or imidazole rings. The reac- 
tion between aromatic diazonium compounds and the amino 
group of amino acids has been known for some time (10, 11) and 
the probable mechanism of the reaction has been deseribed in a 
recent report (3). 

Absorption spectra representing the monoazo derivatives given 
in Table I are shown in Figs. 1 and 2. The shape of the spec- 
trum of the coupled product of the amino acid corresponds 
closely to that of its N-acyl derivative. It is seen in Fig. 1 that 
for mono-(p-azobenzenearsonic acid)-chloroacetyltyrosine a new 
maximum appears at 490 mu, € = 11,000, in alkaline solution. 


T T 
350 SSO 
my 

Fic. 1. Absorption spectra of the monoazobenzenearsonic acid 
derivatives of tyrosine, and N-chloroacetyltyrosine. @——®@, 
monoazo tyrosine, pH 6.2; O——O, monoazo tyrosine, 0.1 N 
NaQH; A——A, monoazo chloroacetyltyrosine, pH 6.2; A——A, 
monoazo chloroacetyltyrosine, 0.1 N NaOH. 


24- 
=< 
* 
5 
} 
350 450 
mu 


Fic. 2. Absorption spectra of the monoazobenzenearsonic acid 
derivatives of histidine and N-acetylhistidine. A——A, mono- 
azo histidine, pH 6.2; A——A, monoazo histidine, 0.1 Nn NaOH; 
@——@, monoazo acetylhistidine, pH 6.2; O——O, monoazo 
acetylhistidine, 0.1 N NaOH. 
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TABLE II 


Wave length marima and ¢ values for monoazobenzene derivatives of 
N-chloroacetyltyrosine and N-acetylhistidine 
The monoazo derivatives were formed by adding 2 uwmoles of 
the diazo reagent to 100 umoles of the N-acyl compound accord- 
ing to the procedure described in Table I. The values for e« were 
calculated from the concentration of diazonium ion, 4 X 107° M. 


Monoazo-chloroacetyltyrosine Monoazo-acetylhistidine 
Diazo reagent pH 6.2 0.1 N NaOH pH 6.2 0.1 s NaOH 
max. € max.| max. A max. € 
my | my | mp my 
Arsanilie acid | 325 21,600 330 14,200 370 21,600 420 22,300 
490 11,000 
Sulfanilie acid | 325 |22,100 330 14,000) 370 |22,400 423 23,400 
490 11,500 
p-Aminoben- 325 20,000 330 (13,900, 370 21,100, 420 21,700 
zoic acid 488 10,700 
24- 
T T T T 
300 400 500 


MY 


Fic. 3. Effect of pH on the absorption spectrum of mono- 


(p-azobenzenearsonic acid)-chloroacetyltyrosine. O——QO, 0.1 


n HCI; @ 
O-——O, 0.1 N NaOH. 


For pH’s between 5.2 and 9.0, 0.02 M potassium phosphate buffer 


was used. The pH’s above 9 were adjusted by adding small 


quantities of alkali to K2zHPO, and keeping the phosphate con- 


centration at 0.02 mM. 


For mono-(p-azobenzenearsonic acid)-acetylhistidine (Fig. 2) the 
maximum at pH 6.2 is at 370 my and there is a bathochromic 
shift to 420 my in alkaline solution, the value of € increasing 
slightly. The maximal wave lengths and corresponding € values 
are given in Table Il. Included in Table II are the values for 
the azo compounds formed with diazotized sulfanilic or p-amino- 
benzoic acid. The absorption spectra for the latter derivatives 
are not shown since they are identical with those observed for 
the azobenzenearsonic acid compounds. 

Absorption Spectra of Isolated Derivatives—Compounds corre- 
sponding to the monoazo and bisazo derivatives of tyrosine were 
prepared by coupling diazotized arsanilic with N-chloroacety]-1- 
tyrosine. Almost exclusive mono coupling takes place when 
equivalent amounts of the reactants are used so that the presence 


Azoproteins. I 


@, pH 4.2-7.2; A——A, pH 8.7; A——A, pH 9.9; 
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of one azo group in the ortho position lowers the reactivity of 
the other unoccupied position. However, the second diazo 
group substitutes easily when a 2-fold excess of the diazonium 
ion is added. As discussed below it was not possible to prepare 
compounds of sufficient purity when the reaction was carried 
out with tyrosine itself. 

The effect of pH on the absorption spectrum of mono-(p-azo- 
benzenearsonic acid)-chloroacetyltyrosine is shown in Fig. 3, 
There is an isosbestic point at 417 my, € = 6,200, the change in 
absorbance with pH depending on the degree of ionization of the 
phenolic group. The completely ionized form is given by the 
0.1 N NaOH curve. The pK of the hydroxyl group is 9.44 at 
25° as determined spectrophotometrically (12, 13). The spectra 
at pH 6.2 and in 0.1 N NaOH (Fig. 3) agree closely with those 
shown in Fig. 1 for n-chloroacetyltyrosine. 

The change of absorption spectrum with pH for bis-(p-azo- 
benzenearsonic acid)-chloroacetyltyrosine is shown in Fig. 4, 
Compared to the monoazo compound, the primary peak is shifted 
to 330 my and at pH’s below 8.2 the secondary maximum, which 
appears at 390 my for the monoazo compound, occurs at 420 my. 
In alkaline solution the maximum at the longer wave lengths 
now appears at 545 my and the isosbestic point is at 460 my + 
5, € = 8,100. The variation in the isosbestic point can be at- 
tributed to a small contamination of the bis compound by the 
monoazo derivative. The pK of the phenolic group is 8.34 so 
that the effect of the azo group in lowering the pK is approxi- 
mately additive. 
acetyl-L-tyrosine, is 10.23 as measured in solutions of low ionic 
strength (14). 

The maximal wave lengths, the values for €, and the colors of 
solutions of the two derivatives are given in Table III. The 
solutions obey Beer’s law. 

The spectrum for bis-(p-benzenearsonic acid diazo)-¢-amino- 


The pK of the starting compound, n-chloro-. 


350 


Fic. 4. Effect of pH on the absorption spectrum of bis-(p- 
azobenzenearsonic acid)-chloroacetyltyrosine. 
HCl; @——®, pH 4.2-7.2; A——A, pH 8.2; A——A, pH 9.4; 


O——O, 0.1 N NaOH. 


450 


My 


O-——O, 0.1 


Or 
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TaBLeE III 


Spectral characteristics of isolated azobenzenearsonic 
acid derivatives 


pH 6.2 0.1 N NaOH 
Derivative 
max Color* A max € Color* 
my my 
Mono-(p-azoben- | 325 (22,200 yellow 328 14,300 orange 
zenearsonic 490 10,500 
acid)-chloroace- 
tyltyrosine 
Bis- (p-azoben- 330 |35,600) vellow 325 |26,000! purple 
zenearsonic 420 |11,400 545 (17,500 
acid) -chloroac- 
etyltyrosine 
Bis-(p-benzenear- | 363 |34,800, faint 378 (30,800) light 
sonic acid di- yellow yellow 
azO)-e-amino- 
eaproic acid 
i Color of 2 X 10-5 solutions. 
— 
28- 
20- 
4- 
T T T 
300 400 500 
my 


Fic. 5. Absorption spectrum of bis-(p-benzenearsonic acid 
diazo)-e-amino-n-caproic acid. @——@, pH 6.2 in 0.02 m potas- 
sium phosphate; O——O, 0.1 N NaOH. 


caproic acid is shown in Fig. 5 and the significant spectral char- 
acteristics are given in Table III. There is a shift from 363 my 
at pH 6.2 to 378 my in 0.1 nN NaOH with a drop in e from 34,800 
to 30,800. The compound is not stable in dilute solution (0.001 
mM); the extinction at 363 my decreases by 40 per cent after 5 
days at 5°. ‘ 


DISCUSSION 


One of the earliest studies of the coupling of aromatic diaz- 
onium compounds with proteins and amino acids was carried out 


M. Tabachnick and H. Sobotka 
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by Pauly (15, 16) who isolated the products of the reaction of 
diazotized arsanilic acid with tyrosine and histidine. From the 
elemental analyses he concluded that the bisazo derivatives had 
been formed with the following structure for bis-(p-azobenzene- 
arsonic acid)-chloroacetyltyrosine: 


| 
We have been unable to demonstrate the occurrence of ‘‘bis’”’ 
coupling when tyrosine is reacted with a 2-fold excess of diaz- 
otized arsanilic acid, according to Pauly’s procedure (16). Alka- 
line solutions of derivatives of tyrosine isolated from such a 
reaction mixture are red and do not show the bright purple color 
nor the maximum at 545 my that is characteristic for the bisazo 
derivative of chloroacetyltyrosine. The spectrum of the “bis- 
coupled” tyrosine derivative prepared by Pauly’s method (16) 
is given in Fig. 6. Its spectrum corresponds more closely to that 
of the monoazo compound, Fig. 1., than to that of the bisazo 
derivative of chloroacetyltyrosine. When calculated on the 
basis of a mono derivative it is found that the molar extinctions 
are low, € = 8,700 at 325 my and in alkaline solution, € = 3,800 
at 480 my. The lack of purity of the compound was confirmed 
by chromatography on DEAE-cellulose (17). Four bands were 


ABSORBANCE 


Fic. 6. Absorption spectrum of the derivative isolated from 
the reaction of tyrosine with diazotized arsanilic acid according 
to the procedure of Pauly (16). @——-@, pH 6.2 in 0.02 m potas- 


S00 


sium phosphate; O——-O, 0.1 N NaOH. Concentration, 0.02 mg. 
per ml. 
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observed with colors ranging from yellow to dark red. No at- 
tempt was made to separate the components of the mixture in 
quantities suitable for further characterization. It is most likely 
that the diazonium ion reacts with the amino group of tyrosine. 
In agreement with this assumption, the nitrogen content of the 
derivative shown in Fig. 6 is low; found, N 5.96 per cent; calcu- 
lated for N 10.7. Howard and Wild (3) 
have shown that a-amino acids other than glycine react with 
aromatic diazonium ions to lose nitrogen and form the corre- 
sponding a-hydroxy acids. For example, they isolated phenyl- 
lactic acid and diazoaminobenzene as the principal products of 
the reaction of phenylalanine with diazotized aniline (or arsanilic 
acid). When the amino group is in the terminal position as in 
glycine, B-alanine, or e-aminocaproic acid, a relatively stable 
pentazene is formed: 


N=N 


\ 
N-CH,CCH,),COOH 
/ 
| H.O,As( 


| 


Busch et al. (10) had previously isolated a derivative of this tvpe 
by treating glycine with diazotized aniline. The absorption 
spectrum of this compound would correspond to that of the prod- 
uct formed by coupling with the e-amino group of lysine. It 
has an appreciable molar extinction coefficient, € = 34,800 at 
363 my, which should be considered in studies dealing with the 
spectral characteristics of azoproteins (4,7). The molar extince- 
tion is twice that shown by diazoaminobenzene, 7.e. € = 17,300 
at 355 my in ethanol (4). Dilute solutions of the derivative in 
acid show the characteristic instability of diazoamino compounds, 
the optical density of a 2 « 10-5 solution in 0.1 N HCI falling 
to zero in 10 minutes. 

A spectrophotometric study of the azo derivatives of tyrosine, 
histidine, and glycine produced by the coupling with diazotized 


Azoproteins. I 


sulfanilic acid has been reported by Higgins and Fraser (18, 20). 
The compounds were not isolated but the spectra of the colored 
reaction mixtures, developed by the method of Macpherson (19), 
were determined directly. For the monoazo derivative of histi- 
dine they obtained a molar extinction coefficient of 19,300 at 
\ max. 380 my and for monoazo tyrosine a maximal wave length 
of 325 mu. The corrected molar extinction coefficient for the 
azotyrosine compound was not given. They suggest that bisazo 
compounds are formed in the presence of excess diazotized sul- 
fanilic acid and give \ max. 490 my, € = 22,800 for bis(p-azo- 
benzenesulfanilic acid)-histidine and \ max. 480 my for bisazo 
tyrosine. Their results for the monoazo histidine derivative and 
the maximal wave length for monoazo tyrosine agree with the 
results presented here. However, the maximum at 480 my which 
they attribute to bis(p-azobenzenesulfonic acid)-tyrosine is most 
likely due to the monoazo compound as shown in Figs. 1 and 3. 

Fraser and Higgins (20) have also determined the absorption 
spectrum of the product formed by coupling diazotized sulfanilic 
acid with glycine and their value of € = 30,000 at 363 my agrees 
with that for e-aminocaproic acid (Table III). 

The principal purpose of this study has been to determine the 
absorption spectra that are characteristic for the various azo 
derivatives so that the reaction of aromatic diazonium com- 
pounds with proteins could be investigated more thoroughly. 
It should be noted that in experiments now in progress with 
highly coupled bovine serum albumin we have not observed the 
maximum at 545 my in alkaline solution that would indicate the 
formation of the bisazo derivative of tyrosine. 


SUMMARY 


A spectrophotometric study has been made of the compounds 
formed by the coupling of diazotized aromatic amines with tyro- 
sine, histidine, and €-aminocaproic acid. 

The presence of a free a-amino group interferes with the cou- 
pling reaction and it is necessary to use the N-acy] derivatives of 
tyrosine and histidine to obtain reliable spectra. 

The bisazo derivative of N-chloroacetyltyrosine was prepared 
and its absorption spectrum determined. 
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Several investigators have reported that commercial L-proline 
is contaminated with small amounts of hydroxy-.L-proline (1-3). 
During the course of investigations in this laboratory all of five 
commercial samples proved to contain up to 3.5 per cent hy- 
droxyproline when tested by the method of Neuman and Logan 
(1). The preparation of L-proline from gelatin by the formation 
of complex salts is tedious and gives relatively low yields (4-8) 
of the contaminated product. Attempts to prepare L-proline 
and hydroxy-L-proline by the treatment of gelatin hydrolysates 
with nitrous acid also gave low yields (9) or impure products 
(10). Since a simple efficient method for the separation of L-pro- 
line and hydroxy-L-proline should make possible their preparation 
via the nitrosoamines as well as from the impure commercial 
products, the use of large columns was investigated. 

Attempts to modify the method of Rietz et al. (11) from an 
analytical to a large scale preparative method were unsuccessful. 
Direct chromatography on cellulose columns as carried out by 
Radhakrishnan and Meister (2) always resulted in extensive 
overlaps of the proline and hydroxyproline peaks. 

Moore and Stein (12) obtained good separation of proline and 
hydroxyproline in analytical amounts on a Dowex 50 column 
with a citrate buffer eluant. Since a more easily removable 
eluant was desirable for preparative purposes, dilute hydrochloric 
acid, as recommended earlier by the above authors (13), was 
used in the present work. Gradient elution, starting with 0.5 
x HCI, was found to reduce the volume of eluant necessary to 
obtain the two pure amino acids. 


EXPERIMENTAL 


Preparation of Proline and Hydroxyproline—Gelatin, 500 gm., 
was added to 3 |. of 6 N HCI in a 5-1. round bottom flask and re- 
fluxed for 20 hours, after which the mixture was concentrated to 
a volume of 2]. by distillation. The hydrolysate was decolorized 
by boiling for 10 minutes with 50 gm. of Norit charcoal. The 
clear yellow filtrate was divided into two equal portions for 
treatment with nitrous acid. 

NaNO, 300 gm., was dissolved in 350 ml. of water and the 
solution allowed to drip into one portion of the clarified hydroly- 
sate, which was constantly stirred and maintained at a tempera- 
ture of 60°. This step, requiring 3.5 hours, was followed by 
stirring the mixture an additional 2 hours. An equal volume of 
concentrated HCl was then added and the mixture was concen- 
trated by distillation until the deep brown color disappeared and 
the solution became a clear light yellow. The second portion 
was treated in a similar manner. The solutions were combined 
and concentrated by distillation. At intervals, the solid NaCl 
which separated out was removed by filtration through glass 


wool. The precipitate was washed with 95 per cent alcohol; the 
washings were added to the filtrate and the concentration was 
continued until the volume was less than 1 1. The cooled mix- 
ture was extracted three times with 1-l. portions of ether, filtered 
to remove solid NaCl, and extracted two more times with 1 |. of 
ether. The ether extracts were discarded and the aqueous solu- 
tion was concentrated to a syrup. The residue was taken up in 
300 ml. of hot 95 per cent alcohol, filtered, and concentrated to a 
svrup under vacuum. One hundred ml. of 6 N HCI were added, 
the concentration was repeated, and a second addition and re- 
moval of HC] was effected. The amino acid hydrochlorides were 
taken up in water and analyzed for proline by the method of 
Chinard (14) and for hydroxyproline by the method of Neuman 
and Logan (1). The solution contained 9.5 gm. of proline and 
9.4 gm. of hydroxyproline per 100 gm. of gelatin. 

Separation of Proline and Hydroxyproline—A column of Dowex 
50-X8 (200 to 400 mesh), 9.5 cm. in diameter and 80 cm. long 
was prepared from 11 pounds of resin which had been treated 
with 6 N HCl and washed with distilled water until the pH of the 
eluate rose above 4.5. The solution obtained from the gelatin 
hydrolysate was applied to the top of the column and washed in 
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Fic. 1. Separation of proline and hydroxyproline by column 
chromatography on Dowex 50 resin. The column was 9.5 x 80 em. 
Gradient elution was carried out with 0.5 N hydrochloric acid in 
the 12.5-liter constant-volume mixer and 1 N hydrochlorie acid in 
the reservoir. Concentrations were determined by the method 
of Piez et al. (15). The identification of the peaks was confirmed 
by paper chromatography. 
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with several 100-ml. portions of water. Gradient elution was 
begun with a constant volume mixer containing 12.5 1. of 0.5 
N HCl and an 18-1. reservoir containing 1 N HCl. Hourly frac- 
tions, varying from 300 to 400 ml., were collected on a Packard 
time-flow collecting apparatus. To locate the peaks, 0.2 ml. 
aliquots from every third fraction were neutralized with saturated 
NaeCQ; solution and treated with 3 ml. of 0.15 per cent ninhydrin 
in glacial acetic acid according to the method of Piez et al. (15). 
Quantitative determinations by this method were then made on 
suitable dilutions by measurement of the optical density at 350 
my on a Beckman model DU spectrophotometer, after allowing 
the reaction to proceed for 2 and 4 hours for hydroxyproline and 
proline, respectively. The results of the separation are shown in 
Fig. 1. 

Crystallization of Proline—The fractions containing proline hy- 
drochloride were combined and reduced to a syrup under vacuum. 
Water was added and the mixture was concentrated again. Free 
proline was regenerated by passing the syrup, diluted with water, 
through an Amberlite IR-4B column in the free amine form and 
washing with four volumes of water. The eluate was evaporated 
to dryness and the dry proline was taken up in 200 ml. of 95 per 
cent alcohol. The solution was decolorized by boiling with acid- 
washed Norit charcoal for 5 minutes. Two volumes of ether were 
added to the filtrate and the mixture was chilled. The proline 
was filtered off, dissolved in the minimal amount of boiling abso- 
lute alcohol and placed in the deep freeze. The solid was re- 
moved by filtration, dried, dissolved in 100 ml. of warm 95 per 
cent alcohol, and crystallized by the addition of 70 ml. of ether. 
A yield of 6 gm. per 100 gm. of gelatin was obtained. [a]?* = 
—85.3° (2 per cent in water); [a]; = —66.6° (2 per cent in 0.1 
n HCl); reported (16), [a]?"* = —85.0° (1 per cent in water). 
Paper chromatography of 12 wmoles of proline in n-butanol- 
acetic acid-water (4:1:1) and color development by spraying 
with ninhydrin showed no detectable hydroxyproline or a-amino 
acid nitrogen. 

Crystallization of Hydroxy-L-proline—HCl! was removed from 
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the hydroxyproline fraction with Amberlite IR-4B in a similar 
manner. After charcoal clarification of a water solution of the 
material, hydroxy-L-proline was crystallized twice from water 
solution by the addition of alcohol. The yield was 5.7 gm. per 
100 gm. of gelatin. [a]? = —75.0° (2 per cent in water); 
[a]?* = -—60.8° (2 per cent in 0.1 N HCl); reported (16), 
[a], = —75.2° (1 per cent in water). The product contained 
no detectable @-amino N or proline. 


DISCUSSION 


Hamilton and Ortiz (9) attempted a preparation of proline and 
hydroxyproline from gelatin by extracting the nitroso derivatives 
with ether. In this laboratory, after four extractions with ether 
most of the hydroxyproline derivative remained in the aqueous 
phase. It was confirmed that extraction with ethyl acetate was 
more effective; however, the less volatile solvent was more diff- 
cult to remove and destruction of proline and hydroxyproline 
occurred (9). 

Removal of HCl on Amberlite IR-4B resin before separation of 
proline and hydroxyproline and an analysis of the material 
showed that the imino acids accounted for only two-thirds of the 
dry HCl-free weight. The impurity was alcohol-soluble. Upon 
separation on the Dowex 50 column there was an overlap of the 
impurity with the hydroxyproline peak. This, however, caused 
no difficulty in the subsequent isolation of pure hydroxyproline, 


SUMMARY 


A simple method for the preparation of hydroxy-L-proline and 
L-proline from gelatin is reported. A gelatin hydrolysate is 
treated with nitrous acid to destroy all a-amino acids. L-Pro- 
line and hydroxy-L-proline are regenerated by hydrolysis of their 
nitrosoamines with 6 N HCl. After extraction of ether-soluble 
materials the imino acids are separated on a Dowex 50 column 
by gradient elution with dilute HCl. Hydroxy-t-proline and 
also L-proline uncontaminated with hydroxy-t-proline are ob- 
tained in relatively high yields. 
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Structural investigations on proteins frequently require as a 
first step the cleavage of the disulfide bonds that link half-cystine 
residues. Oxidation with performic acid has been used for this 
purpose first by Sanger (2) and later by Hirs (3), before a de- 
tailed investigation of the sequences of the amino acid residues 
in insulin and ribonuclease, two proteins that are devoid of tryp- 
tophan. Special studies (3-5) of this reaction have succeeded 
in rendering the yield of cysteic acid and methionine sulfone 
virtually quantitative, and in minimizing undesirable side re- 
actions with other amino acids, such as tyrosine. No conditions 
have been found, however, that will prevent the oxidative deg- 
radation of tryptophan. Since tryptophan would be expected 
to remain unaffected by reductive procedures capable of cleaving 
disulfide bonds, reductive methods have been investigated in 
several laboratories, including this one (1, 6-11). One of the 
procedures is based upon the well known reaction of sulfite with 
disulfide bonds in proteins noted in 1907 by Heffter (12) and 
studied later by Mirsky and Anson (13). The course of the re- 
duction was described by Clarke (14) and by Lugg (15) (ef. also 
(16)), and the reaction has since been studied in detail by a num- 
ber of investigators (17-20). Much of the work in peptide and 
protein chemistry in which sulfite has been used is reviewed by 
Cecil and McPhee (18). 

The present communication describes a method of converting 
each disulfide bond in a protein into two S-sulfonate groups ac- 
cording to the oxidation-reduction cycle shown in Equation 1. 


R-S-S-R + SOs — RS-SO5+RS- 


iodosobenzoate 


or tetrathionate 


In a recent paper in which the sulfite cleavage of disulfide bonds 
was considered in detail, Swan (9) proposed the use of cupric ions 
to catalyze the reoxidation, and applied the procedure to wool 
keratin. Pechére et al. (11) have applied Swan’s procedure to 
the cleavage of disulfide bonds in trypsinogen and chymotryp- 
sinogen. In the present paper, experiments are reported in which 
the reduction-oxidation cycle was investigated with iodosobenzo- 
ate or tetrathionate as oxidizing agents, and with cystine, oxi- 
dized glutathione, and two well characterized proteins, insulin 
and ribonuclease, as disulfide compounds. Some experiments 
with trypsinogen and chymotrypsinogen are also described. 
Assessment of the practicality of the reaction as a first step in 


* A preliminary report of parts of this work has been presented 
at a meeting of the Biochemical Society (1). 

+t Present address, The Rowett Research Institute, Bucksburn, 
Aberdeenshire, Scotland. 

t Present address, Department of Biochemistry, University of 
California, Berkeley, California. 


the structural examination of proteins will depend upon further 
studies of the properties of the resulting S-sulfoproteins. 


EXPERIMENTAL 


Materials—Na.SO; solutions at pH 7.4 in water or 8 m urea 
were prepared daily from anhydrous Merck reagent and glacial 
acetic acid. All of the sulfite solutions were made 10-4 m in the 
disodium salt of ethylenediaminetetraacetic acid. Potassium- 
o-iodosobenzoate (0.5 M) solution was prepared daily from N 
KOH and o-iodosobenzoic acid obtained from A. D. Mackay, 
Inc. Sodium tetrathionate was prepared from sodium thiosul- 
fate and iodine, as described by Gilman et al. (21), and 0.5 m 
solutions were adjusted to pH 7.0 with nN NaOH. The solid 
could be stored at 0° for several days with only slight decomposi- 
tion, but the solutions were considerably less stable. AgNO; 
was Merck primary standard and the tris(hydroxymethyl)amino- 
methane, Sigma “121”, was obtained from the Sigma Chemical 
Company. Urea was Merck analytical reagent which was pu- 
rified by passing an 8 M solution over a bed of Amberlite MB-1 
cation and anion exchange resin (such solutions were found to be 
stable for 10 to 15 days at 4°). The need for this purification 
has been pointed out (22). Guanidine hydrochloride solutions 
were prepared from guanidine carbonate (Eastman) which had 
been recrystallized from water and ethanol. N-ethylmaleimide 
was purchased from Mann Research Laboratories. 

Oxidized and reduced glutathione were obtained from the 
Schwarz Laboratories. The L-cystine used was Merck reagent 
grade. ®8-Mercaptoethylamine hydrochloride was a sample sup- 
plied by Evans Chemetics, Inc. Beef insulin was the kind gift 
of Dr. Otto K. Behrens of the Lilly Research Laboratories. The 
ribonuclease was obtained from Armour (Lot 381-059). Tryp- 
sinogen (Lot TG 521) and chymotrypsinogen (Lots CG 52830 
and CG 541) were obtained from the Worthington Biochemical 
Sales Company. 

Amperometric Titration—Sulfhydryl groups were determined 
by amperometric titrations which were carried out with the aid 
of a slight modification (23) of the apparatus and technique of 
Benesch et al. (22). 

In the assay for disulfides, samples containing 1 to 2 micro- 
equivalents of disulfide groups in 0.2 to 0.5 ml. of 8 m urea buf- 
fered at pH 7.4 with 0.2 m Tris'-HNOs, were treated with 25 to 
50 microequivalents of NaSO; in 1.0 or 0.5 mM solution. After 
a given time, the sulfhydryl groups liberated were titrated with 
freshly prepared 2 X 10-3 m AgNO; added in 0.05 ml. increments. 
Most of the titrations were performed in 20 ml. of 8 m urea buf- 
fered in the apparent range pH 7.2 to 7.4 with a total buffer 
(Tris) concentration of 0.2 m and a KCl concentration of 0.01 m. 


1The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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Preparation of S-sulfocystine and S-sulfoglutathione—To 10 
umoles of cystine or oxidized glutathione in 2 ml. of water were 
added about 350 umoles each of Na2SO; and iodosobenzoate or 
tetrathionate (sulfite and oxidant were each in 0.5 m solution). 
After 3 hours at room temperature, sulfate was removed from the 
reaction mixture by the addition of barium acetate, and cations 
were removed by passing the mixture through a bed of the acid 
form of Dowex 50-X8. The extent of the reaction was deter- 
mined by chromatographing an aliquot of the reaction mixture 
on a column of Dowex 1-X8, and comparing the amount of the 
cystine or glutathione remaining (eluted at the column volume) 
with the amount of S-sulfonateformed. Either of the S-sulfonates 
may be determined individually on a 10 X 0.9-cm. column with 
0.1 N HCl as eluent. When present together, the S-sulfonates 
may be separated on a 5 X 0.9-em. column with 0.1 N sodium 
chloroacetate at pH 3.1 as eluent, a system that also has been 
used to determine cysteic acid. Waley (24), in his recent char- 
acterization of S-sulfoglutathione as a normal constituent of calf 
lens, has used columns of Dowex 1 and pyridine formate at pH 
5.4 for the chromatography. 

Preparation of S-sulfoproteins—The procedure differs some- 
what from the one described by Pechére et al. (11), notably by 
the use of a lower pH, a slightly higher temperature, and a dif- 
ferent oxidizing agent. In a typical case, 100 mg. of protein 
were dissolved at 38° in 5 ml. of 8 m (or saturated) urea buffered 
at pH 7.4 with 0.2 m Tris buffer. The disulfide bonds were re- 
duced initially with 0.62 ml. of 1.0 m NaeSO; (or 1.25 ml. of 0.5 
M Na.SO; in 8 M urea) at pH 7.4 for 10 minutes, after which 1.25 
ml. of 0.5 m iodosobenzoate in 8 mM urea were added in order to 
reoxidize the sulfhydryl groups that had been formed. After 
another interval of 10 minutes, the NasSO; treatment was re- 
peated and further oxidation-reduction cycles were completed. 
The solution, which occasionally was turbid, was then dialyzed 
against three changes of distilled water with stirring of the pro- 
tein solution in an open sac formed from 23/32 Visking casing, 
and finally against running distilled water overnight (with chy- 
motrypsinogen, best results were obtained by dialyzing against 
0.01 m Na2»SO; at pH 7). The S-sulfoprotein was recovered by 
lyophilization. 

Amino Acid Analyses—Proteins were hydrolyzed with 6 N 
HCl in evacuated sealed tubes at 110°, and the hydrolysates 
were analyzed either by the procedure of Moore et al. (25) or 
with the recording equipment of Spackman et al. (26). Trypto- 
phan was determined by the method of Dréze (27). 


RESULTS 


Reaction of Sulfite with Cystine and Oxidized Glutathione—As 
the first step in studying the reaction of sulfite with disulfides, the 
kinetics of the reduction of oxidized glutathione (28) at room tem- 
perature in 8 M urea by 0.2 M NaSO; were followed by ampero- 
metric titration. The results, given in Fig. 1, confirm the ex- 
pected cleavage with the formation of one sulfhydryl group per 
molecule of disulfide. The reduced glutathione formed is rela- 
tively stable under these conditions unless oxidizing agents are 
present, but when cystine is reduced, the data in Fig. 1 show 
that the sulfhydryl groups formed in the cleaving of the disulfide 
bonds are so rapidly reoxidized, presumably to the disulfide, that 
a stoichiometric quantity of sulfhydryl groups is not observed. 

To bring about quantitative conversion of cystine, cysteine, 
and reduced or oxidized glutathione to the corresponding S-sul- 
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fonates, all that is required, in addition to a 30- to 40-fold excess 
of sodium sulfite, is the presence of a similar excess of an oxidiz- 
ing agent such as iodosobenzoate or tetrathionate. The extent 
of the reaction was followed by chromatography on columns of 
the anion exchange resin Dowex 1-X8. Cystine gave a 94 per 
cent. yield of the S-sulfonate. The crystalline S-sulfonate of 
cysteine was described by Clarke (14) and the substance was 
synthesized in the present investigation and its ninhydrin color 
yield (29) determined. Values of 0.73 and 0.83, relative to leu- 
cine were obtained, depending upon whether the substance was 
initially dissolved in 0.1 N HCl or in the sodium chloroacetate 
buffer at pH 3.1 used as eluent in the chromatogram shown in 
Fig. 2. Upon hydrolysis of cysteine-S-sulfonate with 6 n HC] 
at 110° for 22 hours, cystine is recovered in a yield of 80 per cent, 
which is the same as the recovery of 81 per cent obtained when 
cystine itself is treated in this manner. 

Attempts to prepare a crystalline S-sulfonate of glutathione 
were unsuccessful. When the ninhydrin color yield for gluta- 
thione itself is used for integration of the peak obtained upon 
chromatography of a sample of glutathione that had been com- 
pletely converted to the S-sulfonate, the calculated recovery is 
about 70 per cent. Waley’s (24) preparation of a pure Ba salt 
of S-sulfoglutathione should permit the determination of the 
precise color yield in the ninhydrin reaction and quantitative 
studies of different chromatographic procedures. The stability 
of the derivative was examined in the present study, with the 
use of Dowex 1 chromatography for comparative analyses, 
About 95 per cent of the S-sulfonate was recovered unchanged 
after standing at pH 9 for 20 hours at room temperature, or 
after incubation with 3 equivalents of cysteine at pH 7 for 4 
hours. If the quantity of cysteine was increased to 30 equiva- 
lents, the yield of S-sulfoglutathione dropped to 77 per cent, 
while when cysteine was replaced by 6-mercaptoethylamine, the 
recovery of S-sulfoglutathione was 63 per cent. Presumably, 
mixed disulfides are formed, as suggested by Swan (9). The 
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Fig. 1. The reaction of sulfite with cystine (@----- @) and oxi- 
dized glutathione (O——-O). The formation of sulfhydryl] groups 
by 0.2 m Na»SO; in 8 M urea was followed by the amperometric 
titration of Benesch et al. (22). The weights of oxidized gluta- 
thione employed were corrected for the loss of weight that took 
place on drying for 3 hours at 100° in a vacuum over P.O; (ef. (28)). 
The dried material gave the correct analytical values for carbon 
and hydrogen. 
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S-sulfonate was unstable in 5 m guanidine hydrochloride, only 
about 55 per cent being recovered after 48 hours at 4° and pH 7. 
The nature of the decomposition in this case has not been inves- 
tigated further. 

‘Conversion to the S-sulfonates and chromatography on col- 
umns of Dowex 1-chloroacetate may prove useful in determining 
the cysteine and glutathione content of tissue extracts. An 
example of such an application is shown in Fig. 2. An extract 
of cat liver (2 ml., corresponding to 1.1 gm. wet weight of tissue) 
to which cysteine had been added was treated with 2 ml. of 0.2 
m phosphate buffer at pH 7, 2 ml. of 0.1 mM sodium sulfite at pH 7, 
and 0.4 ml. of 0.5 M potassium-o-iodosobenzoate. After 30 min- 
utes at room temperature, one-tenth of the mixture was chro- 
matographed. The glutathione content, calculated on the basis 
of 70 per cent apparent vield of the S-sulfonate with a color 
factor of 0.93, was 136 mg. per 100 gm. wet weight of tissue, in 
good agreement with the value of 138 mg. per 100 gm. of tissue 
obtained by Dr. H. H. Tallan who chromatographed the same 
extract (without sulfite treatment) on a column of Dowex 50-X4 
(30). The amount of cysteine or cystine present in the original 
tissue extract was too small to determine accurately. The posi- 
tions of emergence of the S-sulfonates.of cysteine and glutathione 
from the Dowex chloroacetate column were determined with the 
known compounds. 

Reaction of Sulfite with Insulin—As has been indicated in a 
preliminary report (1), the S-sulfonates of the two insulin chains 
can be separated chromatographically. To convert the cystine 
residues in the protein to the S-sulfonates, three cycles of the 
oxidation-reduction procedure described in the experimental sec- 
tion were carried out at room temperature. The reaction mix- 
ture was dialyzed for 3 hours to remove most of the salts. When 
the clear solution was brought to pH 2.2 with n HCl, the phenyl- 
alanyl chain partially precipitated, inasmuch as it is only spar- 
ingly soluble at low pH in the presence of low concentrations of 
salt. Enough solid urea (deionized) was added to redissolve the 
precipitate, and the solution was then transferred to a 0.9 x 
4.5-cm. column of Dowex 50-X2 that had been equilibrated with 
8 m urea buffered at pH 2.2 with 0.2 m sodium citrate. The 
glvevl chain passed through the column unretarded, and the 
phenylalanyl chain was then eluted with 6 ml. of 8 Mm urea buf- 
fered at pH 7.6 with 0.2 mM sodium phosphate. After a short 
dialysis, the two fractions were concentrated to a small volume 
and the S-sulfonates precipitated with acetone in 80 to 90 per 
cent yield. The yields were not increased if cysteine were in- 
corporated into the reduction-oxidation cycle to aid in the refor- 
mation of disulfides as the concentration of insulin sulfhydryl 
groups became reduced in the latter stages of the reaction. The 
escape rate of the insulin chains through 23/32 Visking casing is 
2 per cent per hour or slightly higher, and it would appear that 
this fact limits the extent of the recovery of the chains. 

The purity of the two chains was established by amino acid 
analyses, the results of which are given in Table I. As the for- 
mula of Ryle et al. (31) would require, no phenylalanine or pro- 
line was found in the glycyl chain. There was a trace of threo- 
nine in the glycyl chain and of isoleucine in the phenylalanyl 
chain. All other aniino acids were present in the expected quan- 
tities. As was to be expected from experiments with the pure 
substances, cysteine-S-sulfonate was converted to cystine in a 
vield of from 70 to 90 per cent. Isoleucine and leucine were 
present in a 22-hour hydrolysate of the glycyl chain to the ex- 
tent of 0.95 and 1.99 residues respectively, but valine was verv 
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Fic. 2. Chromatography of an extract of cat liver to which 
cysteine had been added and which had then been treated with 
sulfite and o-iodosobenzoate. The sample, which contained about 
3 mg. of glutathione and 0.5 mg. of cysteine, was chromatographed 
on a 0.9 X 5.0 cm. column of Dowex 1-X8 in the chloroacetate 
form, with 0.1 mM sodium chloroacetate at pH 3.1 aseluent. Waley 
(24) has employed a similar chromatographic system for the iso- 
lation of naturally occurring S-sulfoglutathione from extracts of 
calf lens. 


TABLE I 
Amino acid composition of S-sulfonates of peptide chains of insulin 
Hvdrolyses were performed for 22 hours unless otherwise indi- 
cated. 


Number of residues per molecule 


| 
| 
Amino Acid | Glycyl chain Phenylalany] chain 

| Found Theory® Found Theory” 
Aspartic acid......... | 2.06 2 1.07 1 
Glutamie acid........ 4 3.19 3 
1 3.10 3 
| 1.81° 2 2.88 3 
| 1.99 2 3.89 4 
Isoleucine............| 1.00 1 0.08 0 
2.02 2 1.07 1 
Threonine*’........... | 0 0.97 
Half-cystine*........ 4.50 | 4 1.80 2 
Proline | 0 1.10 
Phenylalanine........ | 0 2.64 3 
Arginine....... 0 1.09 l 


@ From formula of Ryle et al. (31). 

’ Value from 72-hour hydrolysate. 

¢ Corrected for 89 per cent recovery of serine hydrolyzed for 22 
hours in a known mixture of amino acids. 

4 Corrected for 95 per cent recovery of threonine hydrolyzed for 
22 hours in a known mixture of amino acids. 

¢ Corrected for 81 per cent recovery of cystine from cysteine-S- 
sulfonate hydrolyzed for 22 hours. 

f Corrected for 88 per cent recovery of tyrosine hydrolyzed for 
22 hours in a known mixture of amino acids. 


slow to appear. Values for valine in a 22- and a 72-hour hy- 
drolysate were 1.37 and 1.81 residues, respectively. 
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As a further control on the specificity of the sulfite reaction, a 
synthetic mixture of amino acids was allowed to react with sul- 
fite and then subjected to amino acid analysis. Cystine was con- 
verted to the S-sulfonate, but all of the other amino acids were 
recovered quantitatively, with the possible exception of trypto- 
phan which showed a slight loss (about 5 per cent). 

Addition of 6-mercaptoethylamine to the S-sulfonate of the 
glycyl chain at pH 7, and subsequent addition of dilute HC] to 
pH 2, caused the separation of a precipitate, indicating that the 
S-sulfonate of the glycyl chain had been altered in some manner. 
Probably the altered material, which is soluble at pH 7 but in- 
soluble at pH values more acid than pH 4, is either a mixed di- 
sulfide of the glyeyl chain with @-mercaptoethylamine, or a 
simple polymer formed by reoxidation of the reduced chain. 
In any case, it seems likely that 6-mercaptoethylamine has caused 
the elimination of the sulfonate group. 

Reaction of Sulfite with Ribonuclease—The kinetics of the re- 
action of Na2SO; with two proteins were studied, with the results 
shown in Fig. 3. Ribonuclease was selected for more detailed 
examination because it is a well characterized protein, and be- 
cause, as may be seen from Fig. 3, its disulfide bonds were the 
most difficult to reduce and the sulfhydryl groups were also 
difficult to reoxidize. 

The effect of urea concentration upon the rate of the sulfite 
reaction was determined by measuring the number of sulfhydryl] 
groups formed after ribonuclease had been allowed to react with 
sulfite at 38° for 15 and for 60 minutes in various concentrations 


of urea. The results, given in Table II, indicate that, in 8 m 
5.0 
Ribonuclease 
3.0H.- 
208 
= 1.04 Chymotrypsinogen 
1% 


Time (minutes) 


Fig. 3. Formation of sulfhydryl groups by the action of sulfite 
on proteins. The protein concentration was 2 per cent; sulfite, 
0.3 M; urea, 8 M; temperature 38°. 


TABLE II 
Sulfhydryl groups formed by action of Na»SO; on ribonuclease 
Temp. 38°; 0.3 Mm NaSO;; 0.2 per cent ribonuclease. 


—SH per molecule of protein 


Urea concentration 


15 minutes 60 minutes 
M 
2 1.0 1.5 
4 1.6 2.8 
6 2.2 3.4 
3.3 3.6 
Saturated 3.5 3.6 
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Fria. 4. Effect of temperature upon the rate of the reaction of 
sulfite (0.16 Mm) with ribonuclease in 8 mM urea. 


urea, quantitative cleavage of the disulfide bonds occurs in less 
than 60 minutes, but that in lower concentrations of urea, the 
reaction is definitely slower. 

The effect of temperature was next investigated, and it was 
found, as is shown in Fig. 4, that reduction in 8 m urea must be 
carried out at a temperature higher than 22° if quantitative 
cleavage of the disulfide bonds is to be effected in a convenient 
time. 

The extent of S-sulfonation was also followed by chromato- 
graphing on IRC-50 the products present after the reaction with 
sulfite had been carried out under various conditions. In addi- 
tion, the extent of the reaction was measured by determining 
the apparent disulfide content of the S-sulfonated products. It 
was found that as the apparent disulfide content decreased, there 
was a concomitant decrease in the amount of material chromato- 
graphing at the ribonuclease A position, and an increase in the 
amount of material emerging at the column volume. Complete 
S-sulfonation, judged by the absence of determinable disulfide 
bonds and of material chromatographing at the ribonuclease A 
position was only obtained when the reaction was carried out at 
38° through three oxidation-reduction cycles, the urea concentra- 
tion being maintained at 8 m or greater by the addition of de- 
ionized urea (added as crystals). Completely S-sulfonated ribo- 
nuclease emerged unretarded on IRC-50 at pH 6.47 (32), and 
was quite soluble in water. Partially S-sulfonated products 
frequently contained some insoluble material. Upon paper elec- 
trophoresis, in 0.5 mM borate at pH 9, the completely S-sulfonated 
product moved toward the anode, whereas the untreated ribo- 
nuclease migrated toward the cathode. The electrophoresis of 
both the treated and untreated material was somewhat unsatis- 
factory because both samples of protein gava streaks on the 
paper. 

Reaction of Sulfite with Chymotrypsinogen and Trypsinogen— 
Having achieved complete S-sulfonation of insulin and ribonu- 
clease, neither of which contains tryptophan, the same procedure 
was used in an attempt to prepare S-sulfonates of chymotryp- 
sinogen and trypsinogen, two larger and less well characterized 
proteins that do contain tryptophan. From the results of the 
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kinetic studies (Fig. 3), chymotrypsinogen appears to be espe- 
cially readily converted to the S-sulfonate. The disulfide bridges 
in the molecule are cleaved rapidly, and the sulfhydryl groups 
thus formed reoxidize readily in air even in the absence of an 
added oxidizing agent. Additional studies revealed that urea 
concentration had little effect upon either the cleavage or oxida- 
tion steps, but that temperature is important. From Fig. 5 it 
can be seen that the extent of the cleavage is slightly greater at 
38° than at either 24 or 4°, but that the sulfhydryl groups per- 
sist longer at the lower temperatures. It would thus appear to 
be advantageous to carry out the S-sulfonation of chymotryp- 
sinogen at 38°, 

Although the presence of urea and an oxidizing agent were not 
required to convert chymotrypsinogen to the S-sulfonate, they 
were incorporated in the reaction mixture so as to study their 
effect and thereby learn whether the procedure employed with 
ribonuclease could be employed, if necessary, with tryptophan- 
containing proteins. The S-sulfonated derivative precipitated 
during dialysis and thereafter was insoluble in water in the range 
pH 3 to pH 9. Chromatographic examination by the technique 
of Hirs et al. (32) was, therefore, impossible. The derivative 
was somewhat soluble in buffers containing urea, but upon paper 
electrophoresis with such buffers, the S-sulfonate precipitated at 
the origin. By varying the conditions of the reduction-oxidation 
procedure, products completely soluble or possessing varying de- 
grees of solubility could be obtained; but the greater the solu- 
bility, the more unreacted chymotrypsinogen was found on chro- 
matography or electrophoresis of the soluble portion of the 
preparation, and the higher the amperometric assay for apparent 
disulfide content. Only in the insoluble material was no sulf- 
hvdryl or disulfide found after treatment in urea-Tris buffer with 
sulfite for 5 or for 30 minutes, conditions which revealed disulfide 
bonds in the insoluble portions of sulfite-treated ribonuclease 
that were occasionally encountered. Dialysis against 10-3 m 
N-ethylmaleimide, which would block free sulfhydryl groups and 
thus minimize polymerization, failed to prevent precipitation as 
the urea concentration was reduced. 

Insoluble products were also obtained when chymotrypsinogen 
was oxidized with performic acid, or carboxymethylated with 
iodoacetic acid after reduction by NaBH, or thioglycollic acid 
(10). Apparently cleavage of the disulfide bonds in the mole- 
cule, followed by the introduction of anionie groups, confers 
insolubility. 

To confirm the fact that the S-sulfonation procedure did not 
effect any amino acid residues except cystine, an amino acid 
analysis of an insoluble S-sulfonate derivative was performed, 
with the results shown in Table III. All of the amino acids 
were present in the expected quantities (33) with the possible 
exception of tryptophan, which yielded a figure about 7 per cent 
lower than that found for the untreated protein. 

Trypsinogen was also submitted to the same S-sulfonation 
procedure, and like chymotrypsinogen, vielded an insoluble deriv- 
ative free from disulfide bonds, which precipitated during the 
dialysis procedure employed to remove the urea from the re- 
action mixture. It is of interest that trypsinogen carboxymeth- 
ylated after reduction by thioglycollic acid or NaBH, was also 
insoluble (10). 


DISCUSSION 


It is apparent from the data presented in this communication 
that proteins vary considerably in the ease with which conver- 
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Fie. 5. Effect of temperature upon the action of sulfite (0.4 m) 
upon chymotrypsinogen (2 per cent) in 8 M urea. 


TaB_e III 
Amino acid composition of S-sulfonate of chymotrypsinogen 
Acid hydrolysis was performed for 22 hours. 


Number of residues per molecule 
Amino acid 
Found Theory* 
Tryptophan...... 6.1 7 


* From Wilcox et al. (33). 
Analysis lost. 
t Corrected for losses on hydrolysis, cf. footnotes to Table I. 


sion to the S-sulfonate can be accomplished. Thus, ribonuclease 
requires the presence of both 8 m urea and an oxidizing agent, 
whereas the reaction of sulfite with chymotrypsinogen at pH 7.6 
would probably proceed to completion without either of these 
reagents. The conditions outlined in “Experimental,” which 
suffice for the complete S-sulfonation of ribonuclease, should be 
adequate for many other proteins as well, but, in view of the 
different reactivities to be expected from different proteins, a 
kinetic investigation of each particular case would seem to be 
advisable. 

One of the advantages of the sulfite method of cleaving disul- 
fide bonds is the ease with which the reaction can be followed 


7 
OPC, 
N 24°C. 
| 38°C. 
of 
he 
‘as 
be 
ve 
nt 
0- 
th 
li- 
ng 
It 
re 
0- 
he 
te 
de 
A 
at 
le- | 
nd 
ts 
ed 
of 
is- 
he 
lu- 
re 
ed 


1738 


kinetically. Pechére et al. (11) have employed the polarograph 
for this purpose, whereas amperometric titrations have been used 
in the present work. Other methods of measuring sulfhydryl] 
groups might serve equally well. It may be pointed out that 
reaction with sulfite under the present conditions, followed by a 
determination of the sulfhydryl! groups formed, is a useful method 
of ascertaining the number of disulfide bonds in a protein al- 
though it is necessary to make a kinetic study of the release of 
sulfhydryl groups. The necessity for such a study is revealed 
in Fig. 3, in which it may be seen that ribonuclease presents 3.6 
free sulfhydryl groups (out of the theoretical 4.0) over a long 
period of time (30 to 120 minutes), but that chymotrypsinogen 
presents 5.0 groups (theory is 5.0) for only a brief moment (at 
about 7 minutes) before reoxidation of the sulfhydryl groups 
occurs. 

An advantage of the sulfite method is its mildness and speci- 
ficity. Experiments on known mixtures of amino acids and 
amino acid analyses of the S-sulfonated derivatives of insulin 
and of chymotrypsinogen all indicate that reactions with amino 
acids other than cystine do not occur. Cleavage of peptide 
bonds at pH 7.6, and 38°, the conditions employed in the present 
work, seems most unlikely. Certainly, no readily dialyzable 
fragments are liberated, or the amino acid composition of the 
S-sulfonates and the corresponding untreated proteins would 
not be so similar. Finally, Pechére et al. (11) showed that S-sul- 
fonation in the presence of cupric ions at pH 10 did not lead to a 
change in absorption spectrum, molecular weight, or the forma- 
tion of new end groups. 

One disadvantage of the sulfite method is that, because the 
S-sulfonate linkage is relatively labile, there is no simple way of 
proving unequivocally that the reaction has gone to completion. 
The S-sulfonates formed cannot be measured directly, because 
they are not stable to hydrolytic procedures that liberate amino 
acids. This is in contrast to the reduction-carboxymethylation 
sequence of reactions that lead to the formation of S-carboxy- 
methylcysteine, a derivative that can be quantitatively deter- 
mined in acid hydrolysates (10). The extent of the sulfite re- 
action is currently determined in two general ways. In one way, 
the reaction is judged to be complete when further vigorous re- 
duction is no longer capable of revealing sulfhydryl groups, the 
assumption being made that sulfhydryl groups are no longer 
available because they have all been converted to the S-sulfonates. 
This assumption, though probably valid, is difficult to prove. 
The second method of determining the extent of the reaction is 
to measure the number of SO;™ residues that have been incorpo- 
rated into the protein, either by the use of sulfite containing S** 
as Pechére et al. (11) have done, or by a sulfate determination on 
the sulfoprotein (1). A correlation between the amount of sul- 
fite incorporated and the number of half-cystine residues in the 
molecule is used as an indication of complete reaction; once more 
a likely assumption but not a certainty. 

The physical properties of the sulfoproteins seem to be similar 
to those of other derivatives of the same proteins in which the 
disulfide bonds have been ruptured and converted to anionic 
groups. Thus, the S-sulfonate of the glycyl chain of insulin is 
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soluble, as is the derivative formed on performic acid oxidation, 
whereas both the sulfonated and oxidized derivatives of the 
phenylalanyl chain are insoluble. In the case of ribonuclease, 
S-sulfonation, performic acid oxidation, and reduction followed 
by carboxymethylation of the sulfhydry] groups, all lead to solu- 
ble products. With chymotrypsinogen and trypsinogen, on the 
other hand, the same reactions lead in all instances to products 
which have a strong tendency to aggregate and are, therefore, 
insoluble under most conditions. Pechére et al. (11) by a graded 
series of dialyses, were able to obtain from these zymogens prod- 
ucts that could be kept in aqueous solution under very restricted 
conditions. The insoluble derivatives can be dissolved in urea 
solutions or in sodium dodecylsulfate (11), but the necessity for 
these additives limits to some extent the usefulness of the prod- 
ucts. 

The utility of the S-sulfoproteins may also be limited by their 
lability. As Swan (9) has pointed out, the sulfonate residues 
can be eliminated fairly readily under certain conditions, but 
whether this will be an advantage or a disadvantage will depend 
upon the requirements of the given investigation. 


SUMMARY 


Conversion of a disulfide to two molecules of the corresponding 
S-sulfonate can be brought about by the action of sodium sulfite 
at pH 7.4 in the presence of an oxidizing agent such as 0-iodoso- 
benzoate or tetrathionate. The procedure has been investigated 
with cystine, oxidized glutathione, insulin, ribonuclease, chymo- 
trypsinogen, and trypsinogen, amperometric titrations being used 
to follow the reaction. The S-sulfonate derivatives of cysteine 
and glutathione can be separated on columns of Dowex 1-X8. 

The ease of conversion of the disulfide bonds in a protein varies, 
ribonuclease requiring 8 M urea and an oxidizing agent, whereas 
with chymotrypsinogen urea is not essential and air serves as a 
fairly effective oxidizing agent. Reaction in 8 mM urea with io- 
dosobenzoate at 38° and pH 7.4 converts all of the proteins stud- 
ied to completely S-sulfonated products. The S-sulfonates of 
the glycyl and phenylalany] chains of insulin have been separated 
on a column of Dowex 50-X2 and their purity determined by 
amino acid analysis. Amino acid analysis of the S-sulfonate of 
chymotrypsinogen has shown that the sulfite procedure does not 
affect any amino acids other than cystine, with the possible ex- 
ception of a 5 to 7 per cent loss of tryptophan. 

The S-sulfonated derivative of the glycyl chain of insulin and 
S-sulforibonuclease are freely soluble, whereas the derivatives of 
the phenylalany! chain of insulin, of chymotrypsinogen, and of 
trypsinogen are insoluble under most conditions. 
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In experiments with a prolineless mutant of Escherichia coli, 
we have observed that this organism can utilize poly-L-proline in 
place of the required amino acid. In this paper we wish to 
describe the isolation, from this organism, of an enzyme prepara- 
tion which degrades poly-t-proline. The enzymatic preparation 
obtained acts on high molecular weight peptides as a specific 
exopeptidase cleaving N-terminal L-proline residues exclusively. 
Evidence is forwarded to show that the active preparation con- 
tains an enzyme which differs from the known proline peptidases 
(1,2). The name “proline iminopeptidase”’ is suggested for the 
new enzyme. 


EXPERIMENTAL 


Materials and Methods 


The polymers and copolymers used were synthesized from 
amino acids supplied by Nutritional Biochemicals Corporation. 
The commercial L-proline was contaminated with 3.5 per cent 
of hydroxyproline as determined colorimetrically by the method 
of Miyada and Tappel (3). Purified proline was prepared by 
the rhodanilate method of Bergmann (4); it still contained 0.3 
per cent of hydroxyproline. 

Polyamino acids were prepared by the polymerization of the 
corresponding N-carboxy anhydrides in solution (5). The N- 
earboxy anhydrides of L-proline, O-acetyl-t-hydroxyproline (6), 
sarcosine (7), and glycine (8) were prepared according to the 
literature. DNP-polyproline! was prepared by the method of 
Levy (9), from poly-.-proline. 

All the polymers were analyzed for their amino acid content. 
Amino acids other than proline and hydroxyproline were deter- 
mined by quantitative paper chromatography after acid hydroly- 
sis (6 N HCI at 120° for 18 hours). Proline and hydroxyproline 
were determined as described below. The relative amounts of 
p- and t-proline in the digest were estimated polarimetrically. 
The analytical data enabled the calculation for each copolymer 
of the ratio (m) between the number of amino acid residues 
other than t-proline to that of L-proline. 

Milt salmine sulfate of a molecular weight of 4990 was received 
as a gift from Dr. W. R. Carroll (10). Gelatin and ovalbumin 
were cominercial products. 

t-Prolylglycine, glycyl-L-proline, glycylglycyl-L-proline, car- 
bobenzoxy-glycyl-t-proline, and glycyl-t-hydroxyproline were 
kindly supplied by Dr. E. L. Smith. 1-Prolyl-1-proline and 
carbobenzoxy-L-prolyl-L-proline were prepared according to Da- 
vis and Smith (11). 


* This investigation was aided by research grant No. H-2279 
from the National Institutes of Health, United States Public 
Health Service, Bethesda, Maryland. 

1 The abbreviation used is: DNP, dinitrophenyl. 


Tosyl-.L-prolyl-t-proline was synthesized by coupling 2.85 gm. 
of tosyl-t-prolylchloride (12) with 1.15 gm. of t-proline in 10 
ml. of NaOH, 2 Nn, for 10 minutes. The peptide crystallized out 
on acidifying the solution to pH 4 with HCI. It was recrystal- 
lized from ethanol-water to yield 77 per cent, m.p. 179-180°. 
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Calculated: N 7.6, 8 8.7 
Found: N 7.5, 5 8.9 


Culture and Media—Stock cultures of a proline-methionine 
requiring mutant F. colt, strain Ky-W-1361, kindly supplied by 
Dr. J. Lederberg, were maintained on agar slants supplemented 
with 0.5 per cent yeast extract and 0.3 per cent Bacto-peptone. 

Mass cultures were grown in lots of 3 1. in Erlenmeyer flasks 
containing 1.5 1. of a basal medium as described by Littauer and 
Korenberg (13). For the preparation of inocula, the amount 
of surface growth from a 24-hour-old agar culture, was suspended 
in sterile 0.9 per cent sodium chloride, and inoculated to a start- 
ing culture containing 150 ml. of the medium. After incubation 
at 37° for 24 hours, it was transferred to the final culture. The 
cells were harvested after 24 hours in a Sharples supercentrifuge 
(4 gm. of wet cells per 1.) and washed with chilled 0.9 per cent 
KCI. 

Preparation of Cell-F ree Exrtract—The cells (14 gm. wet weight) 
were suspended in 0.9 per cent KCl to a final volume of 70 ml. 
and placed for 30 minutes in a Raytheon 10-ke. oscillator at 
6-8°. Cell debris was removed by centrifugation for 30 minutes 
in a Servall type SS-1 centrifuge at 23,000 x g. The turbid 
supernatant fluid constituted the crude enzyme preparation. 
It maintained its hydrolytic activity toward poly-.-proline for 
several months when stored at —20°.2 

Protein Determination—Protein determination in the crude and 
purified enzyme was carried out turbidimetrically by the tri- 
chloroacetic acid method of Stadtman et al. (15). Armour’s 
crystalline bovine plasma albumin was used as the standard. 

Enzymatic Digestion Experiments—The enzymatic experiments 
were performed in test tubes containing | ml. of 0.1 m Veronal 
buffer, pH. 8.6, 0.05 ml. of 0.1 a MnCl, and various quantities 
of substrate and enzyme as specified separately for each experi 
ment. The digestion mixtures were brought to a final volume 
of 2 ml. and incubated at 40°. Controls, where either enzyme 
or substrate was omitted, were also performed. The enzymatic 
reaction was stopped by heating the tubes in a boiling water 
bath for 2 minutes and the amount of free proline was deter- 
mined in 0.1- or 0.2-ml. aliquots. 


2 A cell-free extract of the prolineless mutant (No. 679-183) of 
E. coli strain K,2 was shown by Stone (14) to hydrolyze di- and 
tripeptides containing proline in the presence of Mn** and a 
sulfhydryl compound. 
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Quantitative Determination of Proline—The method described 
by Troll and Lindsley (16) was modified as follows to increase 
the sensitivity. The ninhydrin reagent was prepared by dis- 
solving 0.3 gm. of ninhydrin in a mixture of 6 ml. of glacial acetic 
acid and 4 ml. of H;PO,4, 6 m, at 70°. The reagents, 2.5 ml. of 
glacial acetic acid and 2.5 ml. of the ninhydrin reagent, were 
added to 1 ml. of the aliquot analyzed or to a standard solution 
containing from 2 to 25 ug. of proline. Readings were taken on 
a Klett-Summerson photoelectric colorimeter with a green filter 
No. 52. 

Qualitative Detection of Amino Acids and Peptides—Samples of 
the incubation mixtures were placed on strips of Whatman No. 1 
filter paper. Unidimensional descending chromatograms were 
run at room temperature for 18 hours. The solvent systems 
used were n-butanol-acetic acid-water (25:6:25 volume per 
volume) and n-propanol-ammonia-water (50:1:100). Amino 
acids and peptides were revealed by spraying with 0.25 per cent 
ninhydrin in butanol. Proline and prolylproline spots were 
specifically located by spraying with a solution containing 1 per 
cent ninhydrin and 17 per cent trichloroacetic acid (17) in etha- 
nol. With this reagent, proline, prolylproline, cysteine, and 
ornithine give stable cherry-red spots; hydroxyproline gives a 
brown spot, whereas other amino acids show faint spots which 
disappear within a few minutes. 

Molecular Weight Determination—The content of the terminal 
amino groups of all the polymers used except those containing 
tyrosine, was determined by dinitrophenylation according to 
Levy (9), using a Radiometer (Copenhagen) type TTT 1a autoti- 
trator in connection with a drum recorder. The corresponding 
average molecular weights were calculated from the data thus 
obtained. In the case of the tyrosine ethyl ester-initiated poly- 
mers, the average molecular weights were derived from their 
tyrosine content determined spectrophotometrically at 280 my 
in a Beckman model DU spectrophotometer. Satisfactory 
agreement was found between the molecular weights obtained by 
end group analysis and those determined osmometrically in a 
modified Zimm-Myerson osmometer (18). The average degree 
of polymerization, n, of the copolymers used was calculated from 
the molecular weights as determined above, and their amino acid 
composition which was determined after hydrolysis. 

Ultracentrifugal Analysis—The sedimentation analysis re- 
ported here was performed in a Spinco ultracentrifuge with 
schlieren optics at 20°. The diffusion coefficient was measured 
at 4° in a diffusion cell designed by Claesson et al. (19). 

Electrophoretic Analysis—Klectrophoretic analysis was made 
at 20° in a Kern (Aarau, Switzerland) Micro electrophoresis ap- 
paratus at a voltage gradient of 500 volts per 15 em. 


RESULTS 


Growth of Prolineless Mutant of FE. coli on Poly-t-Proline—The 
proline and methionine requiring double mutant of /. coli, strain 
Ky-W-1361, was found to grow on the synthetic medium de- 
scribed by Tatum and Lederberg (20) in which poly-1-proline 
was substituted for L-proline. When poly-t-proline, P; (n = 
100, m = 0.022, see Table II), was used in amounts of 100 to 
500 wg. per 5 ml., the growth of the microorganism, after an 
incubation period of 24 hours, reached 50 to 60 per cent of the 
value observed when the organisms are grown on equivalent 
amounts of L-proline. 

Partial Purification of Enzyme—The crude cell-free extract of 
the prolineless mutant was found to hydrolyze poly-i-proline to 
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free proline. Partial purification of the enzymatic preparation 
was performed as follows. 

All operations were carried out in a cold room at 2—4°, and all 
centrifugations were conducted at 23,000 x g for 30 minutes. 

To 6 ml. of the crude extract, 0.3 ml. of 1 am MnCl was added 
slowly with mechanical stirring; the stirring was continued for 30 
minutes; and the precipitate was removed by centrifugation and 
discarded. To the clear supernatant fluid 4 ml. of ammonium 
sulfate solution, saturated at 2° and adjusted to pH 7.0 with 
K,CO3, were added with mechanical stirring to give a final satura- 
tion of 40 per cent. The precipitate formed was collected by 
centrifugation. It showed no activity and was discarded. To 
the supernatant fluid an additional 10 ml. of ammonium sulfate 
were added to give a final saturation of 70 per cent with respect 
to this salt. The stirring was continued for 2 hours, and the 
precipitate formed was collected by centrifugation, dissolved in 
5 ml. of 0.033 m Veronal buffer, pH 8.6, and dialyzed for 24 hours 
with stirring, against the same buffer. The total initial enzy- 
matic activity of the crude extract was retained in the final solu- 
tion thus obtained. Most of the experiments reported below 
were carried out with a similarly purified preparation. 

The results obtained in a more detailed fractionation are sum- 
marized in Table I. The protein fractions given in the table 
were obtained at different (NH4)2SO, saturation concentrations, 
by a procedure analogous to that described above, and analyzed 
for enzymatic activity. The table shows that 60 per cent of the 
total activity is retained in Fraction 3. Inasmuch as the enzyme 
in Fraction 3 is purified only 3- to 4-fold over that in the crude 
extract, it is clear that Fraction 3 contains other proteins in 
addition to the enzyme. It is of interest, however, that it ap- 
peared to be homogeneous in sedimentation and electrophoresis 
experiments. 

The patterns obtained with Fraction 3 (Table I) in the ultra- 
centrifuge after 9 to 42 minutes at 56,700 r.p.m. show a single 
peak with a sedimentation constant of 825 = 3.25 « 10-8 cm. 
sec.~! dyne~! (1.5 per cent of enzyme protein in 0.033 m potas- 
sium phosphate buffer, pH 6.0). The diffusion constant was 
Do = 5.1 10-7 em? see.~'. 

Electrophoretic boundaries obtained with solutions of Frac- 
tion 3 in 0.033 mM potassium phosphate buffer supplemented with 
0.01 m NaCl at pH 6, 7.6, and 8.6 after 8, 20, 30 and 45 minutes, 
showed one peak. 

Identification of Reaction Products—Poly-t-proline, 1 mg., was 
incubated with the enzyme, | mg. of protein, and aliquots of the 


TABLE I 
Purification of enzyme 
The assay system contained 0.5 mg. of poly-L-proline AS;; (n = 
120, m = 0.018), 0.05 ml. of 0.1 m MnCl2, 1 mg. of protein and 0.05 
M Veronal buffer pH 8.6, in a total volume of 2 ml. Incubation 
for 2 hours at 40°. 


Fraction, (NH4)2SO« precipitate | Protein Activity 

| meg. ug. % 
Crude AA 120 22 100 
1. 0.4 saturation. ..... 11 None 0 
2. 0.4-0.5 saturation... | 18 38 27 
3. 0.5-0.6 saturation... | 20 78 60 
4. 0.6-0.7 saturation...... | 18 26 18 
5. 0.7-0.8 saturation... None 0 
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Fic. 1. Effect of MnCl. on the digestion of poly-t-proline P, 
(n = 100, m = 0.022). Reaction mixtures contained 0.5 mg. of 
polymer, 1 mg. of protein, 0.05 m Veronal buffer, pH 8.6, and the 
indicated amounts of MnCl. (final concentrations) in a total 
volume of 2 ml. Incubation for 24 hours at 40°. 
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Fic. 2. Effect of pH on the digestion of poly-L-proline P; (n = 
100, m = 0.022). Reaction mixtures contained 0.5 mg. of poly- 
proline, 1 mg. of protein, 0.05 ml. of 0.1 m MnCl, and 0.05 m buffer 
in a total volume of 2 ml. Incubation for 24 hours at 40°. The 
buffers used were: (HM) acetate (A) phosphate (@) Veronal (O) 
phosphoric acid-NaQOH. 


incubation mixture were removed at different time intervals 
over a 24-hour period, by which time the digestion had come to 
completion. Paper chromatograms showed in each case only 
one spot with an Re of 0.27 (in butanol-acetic acid-water) identi- 
cal with that of authentic L-proline. No prolylproline (Rr 0.39 
in the same system) or higher proline peptides could be detected 
chromatographically. 

Activation—The crude extract does not change activity on the 
addition of Mn** or cysteine. The partially purified enzyme, 
however, was only slightly active after dialysis but was reacti- 
vated either by MnCl. or cysteine, 0.002 Mm. The effect of MnCl. 
is shown in Figure 1. 

pH Optimum—The enzyme shows little activity at pH 7 or 
pH 11 (see Fig. 2). Optimal digestion occurs in the range of 
pH 7.8 to 9.5. A pH of 8.0 to 9.0 was therefore used in the 
following digestion experiments. 

Inhibitors—Certain metal ions and other substances were 
tested for inhibitory action in a reaction mixture containing 0.5 
mg. of poly-L-proline, Pi(n = 100,m = 0.022); 0.05 ml. of 0.1 
MnCl.; 1 mg. of partially purified enzyme protein; and 0.05 m 
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Veronal buffer, pH 8.6, in a total volume of 2 ml. Incubation 
was carried out for 24 hours at 40°. The various metals (as 
their chlorides) and also the other compounds were added in a 
final concentration of 10-? and 10-3 m. 

Cd++, Co*+, Zn*+*, and Cut* inhibited digestion both at 10° 
Mand 10-7 m. Mg*+, Ca++, Fe++, and Fe+*+* had no effect. 

Versenate (at 10-? m), 8-hydroxyquinoline (at 10-* M), p- 
chloromercuribenzoate (10-* m), and iodoacetamide (10-? m) 
were inhibitory. Arsenite, cyanide, azide, and fluoride showed 
no effect. 

Effect of Enzyme and Substrate Concentration—Figures 3 and 
4 demonstrate that a linear relationship exists between the 
amount of proline liberated and the amount of enzyme or sub- 
strate in the concentration range investigated, in short duration 
experiments. 


Substrate Specificity 

Resistance of DN P-Polyproline to Digestion—In order to ascer- 
tain whether terminal imino groups in the polymer are essential 
for the enzymatic digestion, experiments were carried out with 
two dinitrophenylated polymers; DNP-poly-t-proline, PC-D 
(n = 200, m = 0.003) and DNP-poly-1-proline, P; (n = 100, 
m = 0.022). The incubation, with 0.5 or 1.0 mg. of polymer, 
was carried out as described above. No free proline could be 
detected after an incubation period of 24 hours. 

Proteins—Gelatin, 10 mg., and 10 mg. of ovalbumin were 
incubated with 10 mg. of enzyme protein in the standard reac- 
tion mixture for 48 hours. No proline, hydroxyproline or any 
other amino acid was liberated in either case. 

Poly-t-H ydroxyproline—When 1 mg. of the polymer (mol. 
wt. 6000) was incubated with | mg. of the bacterial enzyme for 
72 hours, poly-t-hydroxyproline was not digested. 

Proline Peptides—Pro. Pro, Pro.Gly, Gly. Pro, and Gly.Gly. 
Pro were completely hydrolyzed when incubated in 0.5-mg. quan- 
tities with 1 mg. of the enzyme protein under the standard 
experimental conditions. Cbzo.Pro.Pro, Tosyl.Pro.Pro, and— 
Gly.Hypro were not digested under the same conditions. No 
digestion of any of the proline peptides tested occurred in the 
absence of Mn**. 

Other Peptides—Gly.Gly, Tyr.Gly, and Gly.Gly.Gly were 
completely digested when incubated in 0.5-mg. quantities with 
0.5 mg. of enzyme protein. Full hydrolysis took place also when 
Mn** was omitted. 

The digestion of Gly.Glv, Gly.Gly.Gly, and Gly.Gly. Pro 
indicates that our enzymatic preparation contains di- and tri- 
peptidases (2) in addition to proline iminopeptidase. The hy- 
drolysis of Gly.Pro may be due to contamination with a proli- 
dase-like enzyme (1, 2). 

Exhaustive Digestion of Various t-Proline Polymers—Quanti- 
tative analysis of the maximum yields of proline obtained on 
exhaustive digestion of different poly-t-proline preparations 
showed them to be digested to different degrees. Since varying 
amounts of “‘amino acid impurities”? were found to be incorpo- 
rated in the polymers, it was attempted to correlate the vield 
of t-proline with the amount of “impurity.” A theoretical 
analysis based on the assumption that the enzyme is an exopepti- 
dase capable of specifically hydrolyzing unsubstituted N-terminal 
L-prolyl residues only (see Appendix), led to the following equa- 
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Fic. 3. Effect of enzyme concentration on the digestion of 
poly-L-proline P; (n = 100, m = 0.022). Reaction mixtures con- 
tained 0.5 mg. of polyproline, 0.05 ml. of 0.1 m MnCl2, 0.05 m 
Veronal buffer, pH 8.6, and the indicated amounts of enzyme pro- 
tein in a total volume of 2 ml. Incubation at 40° for 90 minutes. 
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Fic. 4. Effect of substrate concentration on the digestion of 
poly-L-proline P; (n = 100, m = 0.022). Reaction mixtures con- 
tained 1 mg. of protein, 0.05 ml. of 0.1 m MnCls, 0.05 m Veronal 
buffer, pH 8.6, and the indicated amounts of poly-L-proline in a 
total volume in 2 ml. Incubation at 40° for 150 minutes. 


which gives the expected per cent vield of L-proline as a function 
of the degree of polymerization, n, and the molar ratio, m, of 
impurity to L-proline. 

Table II shows the results of 18 experiments in which both m 
and n were varied over a wide range. The “impurities” intro- 
duced were t-hydroxyproline, No. 1 to 12; p-proline, 13 to 16; 
glycine, 17; and sarcosine, 18. 

Kinetic Experiments—The course of digestion of our purest 
poly-t-proline sample PC, (m = 0.003, n = 55) is represented in 
Fig. 5 (Curve A). The figure shows that the enzymatic digestion 
proceeds over its major part with zero order kinetics. This is 
to be expected for an imino exopeptidase if the number of ter- 
minal iminoproline residues does not change until the reaction is 
close to completion. 

The rate of digestion of two poly-t-proline preparations with 
different average molecular weights (n = 100 and 150) but 
containing equal amounts of hydroxyproline (m = 0.022) is 
given in Fig. 5 (Curves B and C). At equal weight concentra- 
tions, the polymer with lower average degree of polymerization 
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TABLE II 


Exhaustive enzymatic digestion of L-proline polymers 
Reaction mixture contained 1 mg. of enzyme protein, 0.05 ml. 
of 0.1 mM MnCl, 0.05 m Veronal buffer, pH 8.6, and various amounts 
of each polymer (0.2 to 1 mg.) in a total volume of 2 ml. The 
proline yield was determined colorimetrically on aliquots of the 
reaction mixture after 24 hours’ incubation at 40°. Equation 
given in text was used for the calculated values. 


Molec- 

5 | 
| O 

1 | PC-D | (0.3) Hydroxyproline 19.200'2000.003 75 (75 

2; PC (0.3) Hydroxyproline 5.280) 550.003 88 91 
3t, AT (1.7) Hydroxyproline 2.100 220.017 82 84 
4t AT, (1.7) Hydroxyproline 3.900; 400.017 74 (72 
5 | ASy (1.75) Hydroxyproline 11.900:1200.018 47 42 

6 (2.08) Hydroxyproline 15.600}160.0.020 28 30 

7 | P, (2.18) Hydroxyproline 51 

8 | (2.2) Hydroxyproline 15.000,150:0.022'28 28 

9 | Hypro, (7.1) Hydroxyproline 7.625) 
10 | Hypro,| (8.8) Hydroxyproline 7.315) 750.080 17 .0'16.6 
11 | Hypro;| (9.7) Hydroxyproline 6.870) 700.083.17 (17.2 
12 | Hypro, (12) Hydroxyproline 7.700} 79:0.116;14 (10.9 
13 | DL-7 | (3.5) Hydroxyproline + | 2.800) 290.075/36 (40.5 

(3.5) p-proline | 
DL-42 | (3.5) Hydroxyproline+ 2.100) 22,:0.320)10.7 14 
(21.0) p-proline | 

15 | DL (50) v-proline 3.120 321.0 | 2.6) 3.1 
16 | DL-D | (50) _ p-proline 7.130 781.0 | 1.5) 1.2 
17 | PeG (30) Glycine 3.000) 370.66 | 8.0) 4.1 
18 | PS (54) Sarcosine 5.300' 651.6 | 4.4) 1 


* The figures in brackets give the weight per cent of the amino 
acid residues other than L-proline. 

t Molecules of proline released per 100 amino acid residues of 
polymer. 

t Containing L-tyrosine ethyl ester at the C-terminal end of 
the polymer. 
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Fic. 5. Rate of digestion of three different polyproline prepara- 
tions. Curve A, poly-L-proline PC (n = 55, m = 0.003); Curve B, 
poly-L-proline P; (n = 100, m = 0.022); Curve C, poly-L-proline 
P. (n = 150, m = 0.022). Reaction mixtures contained 0.5 mg. 
of polymer, 0.05 ml. of 0.1 M MnCl», 0.05 m Veronal buffer, pH 8.6, 
and 1 mg. of protein in a final volume of 2 ml. 
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yields finally, as expected from the above equation, a larger 
amount of proline. ‘The initial rate of digestion is approximately 
inversely proportional to the molecular weight, i.e. directly pro- 
portional to the number of terminal proline residues. The 
deviation from zero order kinetics is due to the decrease in termi- 
nal proline residues, as peptide chains with N-terminal hydroxy- 
proline residues accumulate. 

Action of Enzyme on Salmine—Salmine is a single-chain prota- 
mine containing an N-terminal L-proline (21-26). It was there- 
fore expected to act as a substrate for our enzymatic preparation. 
“Milt Salmine sulfate IV,” 10 mg., was incubated in a reaction 
mixture containing 10 mg. of enzyme protein, 0.2 ml. of 0.1 m 
MnCl, and 0.1 m Veronal buffer, pH 8.6, in a final volume of 10 
ml. After incubation for 24 hours at 40° the enzymatic diges- 
tion was stopped by heating in a boiling water bath for 5 min- 
utes. The precipitate formed, which contains the enzyme pro- 
tein, was removed by centrifugation. In the deproteinized 
supernatant fluid 200, 221 and 240 ug. of free proline were found, 
in three different experiments. Total hydrolysis of 10 mg. of 
intact salmine (6 N HCl for 24 hours at 110°) yielded 560 yg. of 
proline. About one-third of the total proline content is thus 
liberated on enzymatic hydrolysis. Assuming that the proline 
liberated is the only N-terminal amino acid of salmine, a molecu- 
lar weight of 5200 + 200 was calculated for salmine sulfate, in 
good agreement with the value given by Callanan et al. (10). 

The supernatant solution obtained from the reaction mixture 
was treated with a large excess of dinitrofluorobenzene according 
to the method of Levy (9). The excess of reagent was extracted 
with ether, the aqueous solution was acidified with HCl, and 
again extracted with ether. The second ether extract (A) as 
well as the aqueous solution (B) were evaporated to dryness. 

Fraction A was freed of dinitrophenol by sublimation in a 
vacuum at 60°, and submitted to a two-dimensional chromatog- 
raphy as described by Levy. Only DNP-proline could be de- 
tected on the chromatogram. Fraction B was hydrolyzed for 
18 hours at 110° in 3 ml. of 6N HCl. An ether extract of the 
hydrolysate contained no DNP-amino acids. Electrophoresis of 
the aqueous phase on Whatman No. 1 filter paper in 10 per cent 
acetic acid, at 500 volts per 23 cm. for 3 hours, showed only one 
spot with a mobility identical with that of an authentic sample 
of DNP-arginine. 

From the quantitative determination of DNP-arginine in the 
aqueous layer (8) a molecular weight of 4900 + 200 was calcu- 
lated for salmine sulfate, assuming the presence of an N-terminal 
arginine residue in the enzymatically degraded salmine (24). 


DISCUSSION 


Two dipeptidases, prolidase and iminodipeptidase, capable of 
hydrolyzing dipeptides containing L-proline have been described 
in the literature (1, 2). The action of prolidase is restricted to 
dipeptides in which the nitrogen of the imino acid participates 
in the peptide bond, and requires the presence of the free amino 
and carboxyl groups (27-29). Iminodipeptidase hydrolyzes a 
variety of dipeptides which contain N-terminal proline (11, 30). 
Both enzymes are activated by Mn**, and both digest peptides 
in which hydroxyproline is substituted for proline. A nonspecific 
aminotripeptidase has been reported to act upon tripeptides con- 
taining proline or hydroxyproline. This enzyme does not re- 
quire metal ions for activity (31, 32). 

The bacterial enzyme described here differs in its properties 
and specificity from the enzymes mentioned above. It is capable 
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of hydrolyzing N-terminal proline residues in high as well as low 
molecular weight peptides and does not act on peptides contain- 
ing hydroxyproline. 

The following findings lead to the conclusion that our new en- 
zyme is an L-proline imino exopeptidase. (a) Only proline mono- 
mer is liberated on enzymatic digestion of poly-t-proline. (6) 
N-substituted t-prolyl peptides such as p-toluenesulfony]-1- 
prolyl-t-proline, and N-2,4- 
dinitrophenyl-poly-t-proline are resistant to digestion, whereas a 
poly-L-proline containing a tyrosine ethyl ester group at its C- 
terminal end was hydrolyzed similarly to the unsubstituted poly- 
L-proline. (c) Salmine, known to contain an N-terminal proline 
residue, yielded 1 mole of proline per mole of protein. (d) No 
proline was detected when ovalbumin or gelatin were incubated 
with the enzyme. Neither of these proteins contains N-terminal 
proline, although the former has a C-terminal proline residue 
(33); whereas the latter contains a large amount of proline, none 
of it at the N-terminal position, which is occupied by glycine 
(34). 

Synthetic amino acid copolymers were used for the first time 
in the present study as a tool in the investigation of the mode of 
action of an exopeptidase. The extent of digestion caused by an 
exopeptidase should be highly sensitive to even small amounts of 
an unfavorable amino acid residue distributed randomly within 
the polymer chain. The unfavorable residue would stop the 
enzyme action effectively at a stage where all the yet undigested 
material contains the unfavorable residue as the terminal group. 
The good agreement between the amount of proline formed on 
exhaustive digestion of a large number of L-proline copolymers 
(see Table Il) and that expected from statistical considerations 
(see Appendix) gives strong evidence in favor of the proposed 
mode of action of the new enzyme. 

In view of the above we propose the name “proline iminopep- 
tidase”’ for the enzyme described in this study. The proline 
iminopeptidase is a constitutive enzyme since it is present in cells 
grown on a synthetic medium void of polyproline. Preliminary 
experiments indicate that the enzyme is also present in the wild 
type of F. coli strain B. ' 

The enzymatic preparation obtained contains, in addition to 
the proline iminopeptidase, di- and tripeptidases. Although the 
presence of other enzymatic and nonenzymatic components can- 
not be excluded, it should be noted that no endopeptidase activity 
could be detected. For further characterization extensive purifi- 
cation seems necessary. The preparation described here may, 
however, be of value in the detection and quantitative removal 
of N-terminal proline in proteins and protein fragments. 


SUMMARY 


1. An enzymatic preparation capable of hydrolyzing poly-1- 
proline to free proline was obtained from a cell-free extract of a 
prolineless mutant of Escherichia coli. 

2. The enzymatic preparation obtained is activated by Mn**, 
and inhibited by Cd*++, Co*++, Zn*++, and Cu*+t, as well as by 
p-chloromercuribenzoate and iodoacetamide. Optimum enzy- 
matic activity takes place in the pH range 7.8 to 9.5. 

3. Using various L-proline-containing substrates it was demon- 
strated that the new enzyme acts on high molecular weight pep- 
tides as a specific exopeptidase, cleaving N-terminal tL-proline 
residues exclusively. The name “‘proline iminopeptidase”’ is sug- 
gested for the new enzyme. 

4. The amounts of free proline formed upon exhaustive enzy- 


i 
a 
0 
i 
u 
0 
a 
ti 
n 
d 
T 

lr 
] 


aa 


T 


July 1959 


matic digestion of various L-proline copolymers agreed closely 
with those predicted from statistical considerations (see Ap- 
pendix), assuming a random distribution of the unfavorable 
amino acids within the peptide chains. 

5. On enzymatic digestion with proline iminopeptidase salmine 
yielded one mole of proline per mole of protein. Arginine ap- 
peared as the N-terminal amino acid in the degraded protein. 
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Appendiz—In the following an expression is derived for the 
maximum yield of free proline obtained on exhaustive digestion 
by proline iminopeptidase of amino acid copolymers made of 
residues of proline and of an unfavorable amino acid, e.g. hy- 
droxyproline. It is assumed that: (a) All the substrate mole- 
cules are of the same chain length at the start of the reaction. 
(b) The unfavorable residues are distributed at random within 
the peptide chains. (c) The enzyme hydrolyzes only peptide 
bonds involving N-terminal proline residues. A peptide mole- 
cule containing the unfavorable amino acid residue at its N- 
terminal end is thus totally resistant to enzymatic digestion. 

Let us denote by N the total number of amino acid residues 
in the system, by n the number of residues per substrate molecule, 
and by @ and 1 — a the molar fractions of L-proline residues and 
of the unfavorable amino acid residues, respectively. 

The probability that a proline residue occupies a given site 
in a peptide chain is a, the corresponding probability for the 
unfavorable amino acid being 1 — @. The probability of find- 
ing a peptide chain containing at its N-terminal end a sequence 
of x proline residues followed by a residue of the unfavorable 
amino acid equals a?(1 — a). The total number of such pep- 
tide chains is obviously N/n{a?(1 — a@)], since N/n is the total 
number of peptide chains in the substrate. Hence the number 
of proline molecules, P, obtained on exhaustive enzymatic hy- 
drolysis is given by Equation 1. 


N 
P=— BD — a) + na (1) 
nm 


The term na" accounts for the proline derived from the poly- 


proline molecules devoid of unfavorable residues. Evaluating 
the sum in Equation 1, one gets: 
N 
P = ————(1 — at) (2) 
nl—a 


Introducing into Equation 2 the new parameter m = (1 — a@)/a, 
we obtain for the percentage, P(°), of residues liberated as 
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Fic. 6. Dependence of the expected yield of proline, P(%), 
after exhaustive digestion of proline copol)mers, on the relative 
amount of unfavorable amino acid, m, and the degree of poly- 
merization, n, as calculated from Equation 3. Curves are given 
for the values n = 10, 20, 50, and 100. The abscissae give the 
values of 100 m/(1 + m), equal to the mole per cent of unfavorable 
amino acid in the copolymer. 


proline: 


| 100 1 


Equation (3) shows that when m — 0, P(%) — 100, as 1/(1 + 
m)" — 1 — n-m, i.e. in the case of pure poly-1t-proline the pol- 
ymer is digested completely. On the other hand for any given 
value of m, P(%) — O when the degree of polymerization n of 
the copolymer goes to infinity. Furthermore when 1/(1 — m)* 
<«< 1, Equation 3 reduces to the simple form P(%) ~ 100/mn. 
In these cases the amount of proline formed should be inversely 
proportional to the relative amount of impurity, and to the 
degree of polymerization. Fig. 6 shows the calculated value of 
P(%) as a function of the relative amount of the unfavorable 
amino acid, m, for various degrees of polymerization, n. 

It can be readily shown that Equation 3 will hold to a good 
approximation also for amino acid copolymers with a narrow 
molecular weight distribution. The extent of hydrolysis on 
the other hand will be markedly affected when the unfavorable 
amino acid is not distributed at random within the peptide chain. 

The theoretical considerations given above naturally hold not 
only for the special case of proline iminopeptidase but also for 
the digestion by specific exopeptidases of other amino acid 
copolymers composed of a “favorable” and an “unfavorable” 
amino acid. 
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0-methylisourea has recently been shown to be a useful re- 
agent for the modification of alkali-stable enzymes primarily by 
conversion of €-amino groups of lysine to guanidinium groups. 
Chymotrypsinogen (2), ribonuclease (3), and lysozyme (4) have 
been treated with this reagent. Examination of the properties 
of these modified proteins has provided information relating 
structure to enzymic activity. 

In this paper, experiments are reported which describe the 
reaction of O-methylisourea with mercuripapain and the effects 
of guanidination on several properties of the enzyme. The re- 
sults obtained show that although seven of the eight lysine 
residues in papain can be converted to homoarginine residues, 
there is no alteration of the enzymic properties. In addition, 
although mercuripapain is rapidly and completely inactivated 
by nitrous acid, the guanidinated derivative is only partially 
and slowly inactivated by this treatment. 


EXPERIMENTAL 


Methods and Materials—Mercuripapain was prepared by a 
modification of the procedure of Kimmel and Smith (5). The 
previous procedure has been altered so that mercuripapain is 
formed during the extraction of the papaya latex. Details of 
this method will be published later. Proteolytic coefficients (C)) 
were determined as previously described (5) with a-benzoyl-L- 
argininamide as substrate at pH 5.2 + 0.1. In all cases activa- 
tion was performed at the time of assay with 0.01 mM cysteine and 
0.001 ethvlenediaminetetraacetate. 

O-methylisourea hydrogen sulfate was prepared by the method 
of Fearing and Fox (6), and was used in all guanidination reac- 
tions after removal of the sulfate with a slight excess of barium 
hydroxide. L-Homoarginine was prepared from the copper com- 
plex of L-lysine by the procedures of Neuberger and Sanger (7) 
and Stevens and Bush (8). ¢€-Hydroxy-a-amino-DL-n-caproic 
acid was a gift from Dr. John Folk. Carboxypeptidase-B (pro- 
taminase) (9) was generously supplied by Dr. Leopold Weil. 
Crystalline trypsin was a commercial preparation (Worthington 
Biochemical Corporation, Lot No. TCA 503) which contained 
less than 0.3 per cent chymotrypsin, as judged by assay with 
acetyl-L-phenylalaninamide. 

a-Benzoyl-L-homoargininamide Hydrochloride—t-Homoargi- 
nine hydrochloride (4.0 gm.) was dissolved in 25 ml. of water 
and stirred vigorously at 20° while 2.45 gm. of benzoy] chloride 
were added over a 3-hour period. The solution was maintained 
at pH. & by the addition of 10 per cent sodium carbonate. One 


* This investigation was aided by research grants from the 
National Institutes of Health, United States Public Health Serv- 
ice. A preliminary report has been presented (1). 

t Postdoctoral Fellow of the American Cancer Society. 


m.p., 120-122° (decomposes). 
-chromatographed on Whatman No. | paper in butanol-acetic 


hour after addition of the benzoyl chloride the mixture was 
acidified to pH 2 with 6 n HCl and filtered. The insoluble resi- 
due was washed once with 25 ml. of hot water and the washings 
and filtrate combined, extracted once with ether, adjusted to pH 
8 with ammonium hydroxide, and concentrated to dryness in a 
vacuum. The residual oil was treated at 0° with anhydrous 
ethanolic HCl for 18 hours. Removal of the solvent and HCl 
under reduced pressure gave an oily product which was allowed 
to stand in a pressure bottle at 25° for 3 days with 50 ml. of 
anhydrous methanol which had been previously saturated with 
dry ammonia gas at 0°. Evaporation to dryness yielded a white 
solid which crystallized from methanol-ethyl acetate; yield, 3.1 
The crystalline compound 


acid-water (200:30:75, volume per volume) as a single spot with 
an Ry of 0.5. The compound was detected on paper with a 
Sakaguchi spray reagent (10). 


Calculated: C 47.5, H 7.7, N 19.8 


Found: C 47.1, H 7.2, N 20.7 


RESULTS 


Preparation of Guanidinated Mercuripapain—A solution of 
O-methylisourea (free base) was adjusted to pH 10.2 with 1 N 
NaOH and then added to a solution of mercuripapain at the 
same pH. The mixture was diluted with water to a final con- 
centration of 0.2 m O-methylisourea and | per cent protein. A 
crystal of thymol was added as a preservative and reaction was 
allowed to proceed for several days at room temperature. The 
solution was maintained at pH 10.2 throughout the reaction by 
daily addition of 1 N NaOH. Attempts to guanidinate the pro- 
tein at lower temperatures were unsuccessful. 

Amino Acid Analysis—-Fig. 1 shows the lysine and homoar- 
ginine content of the mercuripapain at different stages of guani- 
dination. For analysis, samples of the guanidinated mercuri- 
papain were removed from the reaction mixture, dialyzed against 
water in order to remove extraneous material, and crystallized 
from 2 per cent sodium chloride. The enzyme was then hydro- 
lyzed with 6 N HCl in a vacuum at 110° for 24 to 26 hours. The 
resulting hydrolysate was analyzed by the Moore-Stein ion ex- 
change column chromatographic method as modified by Kimmel 
and Smith (11). <A representative analysis of the basic amino 
acids is shown in Fig. 2, which is a chromatographic pattern of 
a hydrolysate of mercuripapain which was treated 24 days with 
O-methylisourea. It is evident that on the ion exchange column 
buffered at pH 5.15, homoarginine emerged after arginine as a 
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Fic. 1. Recovery of lysine and homoarginine after guanidina- 
tion of mercuripapain by O-methylisourea for various times. 
Aliquots of the reaction mixture were removed at the times shown, 
and analyzed after hydrolysis by ion exchange chromatography. 
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Fig. 2. A representative analysis of the basic amino acids ob- 
tained from a hydrolysate of guanidinated papain. 


discrete peak, well resolved from any other amino acids. Syn- 
thetic homoarginine emerged at the identical position as shown 
in the figure. 

This pattern is similar to the one reported by Chervenka and 
Wilcox (2) who used a different chromatographic system for de- 
termination of homoarginine. 

The average recovery of lysine after complete guanidination 
was in 12 analyses, 1.13 residues, and for homoarginine, 6.56 
residues (Table I). That the homoarginine values tended to be 
slightly less than expected from the lysine recovery may be at- 
tributed to the fact that homoarginine remains on the column 
longer than the other amino acids and emerges in a larger number 
of tubes. This results in a greater error than with those amino 
acids emerging in a smaller volume. The peaks emerging be- 
tween tubes 20 and 30 are thought to be tryptophan or the prod- 
ucts produced by the destruction of tryptophan during acid 
hydrolysis. Other aspects of the amino acid analysis of guanidi- 
nated papain are discussed below. 

From these experiments it may be concluded that 7 of the 8 
lysine residues of papain can be converted to homoarginine by 
the guanidination procedure. All attempts to achieve complete 
guanidination of papain were unsuccessful. Neither prolonged 
reaction for 25 days with repeated addition of fresh O-methyl- 
isourea nor further guanidination of enzyme which was isolated 
and crystallized after an initial 4-day reaction period, showed 
complete disappearance of lysine. It is thus apparent that reac- 
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tion with O-methylisourea is complete after approximately 2 
days. Consequently, guanidinated mercuripapain which is de- 
scribed below will refer to material which has been treated for 
at least four days and possesses only one lysine and seven homo- 
arginine residues per mole. In addition it is important to note 
that all preparations of the guanidinated mercuripapain were 
crystallized from 2 per cent sodium chloride in the same manner 
as mercuripapain (5). 

The composition of the guanidinated papain is given in Table 
I. Because samples were hydrolyzed without removal of mer- 
cury, some small changes from the expected values might occur, 
However, it is apparent that the composition obtained is in es- 
sential agreement with the composition of papain except for the 
loss of lysine and the presence of homoarginine in the guanidi- 
nated protein. 

Enzymic Activity—The data in Table II demonstrate that the 


TABLE I 
Amino acid composition of guanidinated papain and papain 


Residues per mole of protein 
Amino acid 
Papain} 

1.13 + 0.60 8 
Homoarginine............ 6.56 + 0.40 0 
Aspartic acid............. 17.8 + 0.5 17 
6.8 + 0.3 7 
Glutamic acid............ 16.7 + 1.5 17 
8.7 + 1.0 9 
12.8 + 1.3 13 
15.1 + 1.5 15 
8.6 + 1.2 9 
8.1 + 1.5 9 
Phenylalanine............ 3.3 + 0.5 4 


* Averages of two analyses except for basic amino acids where 
12 different analyses are averaged. Separate analyses for trypto- 
phan and cystine were not performed. 

t Data of Smith et al. (12). 


TABLE II 
Action of guanidinated mercurtpapain on synthetic substrates 
Each assay mixture contained 0.05 m substrate, 0.001 m ethyl- 
enediaminetetraacetate, 0.05 mM cysteine, and 0.05 mM acetate buffer 
at pH 5.2. Hydrolysis was estimated at 40° by the procedure of 
Grassman and Hevyde (18). 


Specific activity (C1) 
Substrate 

/Guanidinated 
Papain 

a-Benzoyl-L-argininamide................. 1.22 1.24 

Carbobenzoxy-L-glutamic acid diamide*...; 0.26 0.34 
0.034 0.024 
0.027 0.018 


* These substrates were only partially dissolved at the be- 
ginning of each assay. 
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activity of crystalline guanidinated papain and papain towards 
five synthetic substrates is identical. 


Amino Terminal Groups—The amino groups were determined — 


as follows. Guanidinated papain was treated with fluorodini- 
trobenzene (14), the resulting dinitropheny] protein was hydro- 
lvzed in a vacuum in 6 N HCl for 24 hours at 110°, and the 
hydrolysate was examined by the chromatographic techniques 
described by Thompson (15). The results obtained with two 
different preparations of the dinitrophenylated protein are given 
in Table III together with those for unmodified papain. 

The recovery of about 0.8 mole of e-dinitrophenyllysine per 
mole (corrected) of guanidinated papain is consistent with the 
lysine content of one residue per mole estimated by amino acid 
analysis. In each case, 0.3 mole (corrected) of dinitrophenyl- 
isoleucine was found per mole of protein, a value which is con- 
siderably lower than that found in the unmodified enzyme (15). 
Beeause this low value might reflect partial conversion of the 
amino terminal isoleucine to the a-guanidinium derivative, acid 
hydrolysates of the modified enzyme were examined by the tech- 
nique of Ingram (16). The hydrolysate was subjected to elec- 
trophoresis at 1000 volts for 360 minutes in a pyridine-acetate 
buffer at pH 6.4, and chromatographed for 22 hours in butanol- 
acetic acid-water (200:30:75, volume per volume) on Whatman 
No.3 MM paper. The only spots on the chromatogram reactive 
to the Sakaguchi reagent were arginine and homoarginine. In 
addition, the amino acids liberated from guanidinated papain 
by leucine aminopeptidase (see below) contained no Sakaguchi 
reacting substances other than homoarginine and arginine. It 
appears that although the guanidinated protein contains only a 
single a-amino group identical with that of papain, complete 
reaction with fluorodinitrobenzene was not obtained under the 
conditions employed here. A similar situation possibly occurs 
in other guanidinated proteins (2, 3). 

Hydrolysis by Leucine Aminopeptidase—Evidence has been 
presented that leucine aminopeptidase can remove a considerable 
portion of the molecule of mercuripapain as free amino acids 
without altering the enzymic activity of the mercuripapain after 
reactivation by removal of the mercury (17). Similar observa- 
tions have been made with the guanidinated derivative. In 
such an experiment 10 mg. of Mg**-activated leucine aminopep- 
tidase, C; = 40, were added to each solution of 20.5 mg. of the 
mercury derivative of each protein and the mixtures incubated 
at pH 8.5 and 40°. The extent of hydrolysis was determined 
by photometric ninhydrin determinations (18) performed on ali- 
quots of the reaction mixtures at various intervals. Other alli- 
quots were assayed with benzoyl-L-argininamide at pH 5 after 
activation. 

Fig. 3 shows the rate of hydrolysis of the two proteins. Al- 


TaBLe III 
Amino terminal groups of guanidinated mercuripapain 
Separate samples of protein were treated with fluorodinitro- 
benzene as described in the text. 


Dinitrophenyl amino acid Guanidinated papain Papain* 
ges moles/mole moles/mole 
Dinitrophenylisoleucine........ 0.30, 0.30 1 
Dinitrophenylaspartic trace, trace trace 
e-Dinitrophenyllysine......... 0.84,0.83 | 8 


* From Thompson (15). 
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Fig. 3. Rate of hydrolysis of guanidinated mercuripapain and 
mercuripapain by leucine aminopeptidase. 10 mg. of Mktt-acti- 
vated aminopeptidase, C,; = 40, were added toa solution of 20.5 
mg. of each protein at pH 8.5 and the mixtures incubated at 40°. 
Aliquots were removed for determination of the extent of hydrol- 
ysis by the ninhydrin method. Other aliquots were removed and 
assayed with a-benzoyl-L-argininamide at pH 5 after activation 
with cysteine and ethylenediaminetetraacetate. 
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OXIDIZED GUANIDINATED 
MERCURIPAPAIN 


OXIDIZED MERCURIPAPAIN 


Fic. 4. Patterns obtained after tryptic digestion of oxidized 
papain and oxidized guanidinated papain. The digestion prod- 
ucts were separated first by electrophoresis on paper in pyridine- 
acetate buffer at pH 6.4 for 360 minutes at 1000 volts. Resolution 
in the second dimension was obtained by chromatography in buta- 
nol-acetic acid-water for 20 hours. Peptides A through F were 
found only in the digest of the oxidized guanidinated papain 
whereas peptides 3 to 11 were found only in the digest of oxidized 
papain. 


though hydrolysis of the guanidinated protein is not as extensive 
at 24 hours as hydrolysis of mercuripapain, the degraded guani- 
dinated enzyme is fully active towards the synthetic substrate. 
In addition, qualitative paper chromatographic examination of 
the amino acids released by the aminopeptidase showed a small 
but definite spot which reacted with the Sakaguchi reagent, and 
which corresponded to authentic homoarginine. 

Trypsin Hydrolysis—The guanidinated protein should be less 
susceptible to trypsin digestion than unmodified papain since 
trypsin should not hydrolyze those bonds which are linked to 
the carboxyl groups of homoarginine residues (19). Accordingly, 
guanidinated papain was oxidized with performie acid (20) and 
the oxidized protein was digested at 25° and pH 7.8 with erys- 
talline trypsin. The resulting peptides were resolved by paper 
electrophoresis in one dimension followed by chromatography in 
a second dimension (16). The pattern obtained is shown in 
Fig. 4 and is compared with the pattern given by the peptides 
obtained from a tryptic digest of oxidized papain. It is evident 
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that only 10 of the peptides appear at the same position in each 
pattern. Seven other major peptides are found in the digest of 
the guanidinated derivative whereas nine peptides were found 
in the papain digest which were not observed in the digest of 
the guanidinated protein. 

In another experiment the tryptic digest of the oxidized, guani- 
dinated papain was examined for COOH-terminal homoarginine 
and arginine by hydrolysis with carboxypeptidase-B (protami- 
nase) (9). Because only arginine and no homoarginine was 
found in the digestion mixture, it is apparent that no hydrolysis 
of bonds involving homoarginine residues occurred during diges- 
tion with trypsin. These results confirm those of Weil and Telka 
(19) who showed that trypsin does not hydrolyze peptide bonds 
involving homoarginine in guanidinated a-lactalbumin. 

In order to substantiate further the specificity of trypsin with 
respect to homoarginine residues, synthetic a-benzoyl-L-homo- 
argininamide was tested as a substrate. The results are pre- 
sented in Table IV. It is evident that the homoarginine deriva- 
tive is not hydrolyzed even at high concentrations of trypsin. 
In contrast to the narrow specificity of trypsin papain hydrolyzes 
benzoyl-L-homoargininamide at about three-fourths the rate at 
which the arginine derivative is hydrolyzed (Table IV). 

Nitrous Acid Treatment—Because the guanidinated protein 
contains a smaller number of amino groups than papain, it was 
of interest to determine the effect of nitrous acid on these two 
proteins. The reaction was performed as follows: a 1 per cent 
solution of each protein in 0.2 m acetate buffer at pH 4.2 was 
cooled to 4°, made 1 Mm in sodium nitrite, and allowed to react for 
various periods of time. In order to determine the activity dur- 
ing the course of reaction, aliquots were removed, adjusted to 
pH 5.2 with sodium acetate, and exhaustively dialyzed against 
distilled water. The resulting enzyme was recovered by precipi- 
tation with 2 per cent sodium chloride. All protein in the solu- 
tion was precipitated by this treatment. The precipitate was 


TaBLeE IV 
Hydrolysis of a-benzoyl-L-homoargininamide by trypsin and papain 
Trypsin: 0.05 M substrate in 0.05 m phosphate buffer at pH 7.5 
was incubated at 40° with trypsin in a final volume of 2.5 ml. 
Papain: The assays were performed as described under ‘‘Meth- 


ods.”’ 


| 
Substrate Enzyme olen at Time Hydrol- Ci 
| enzyme 
teint. | mim % 
a-Benzoyl-L-arginin- 
Trypsin 0.67 66 22.8 | 0.016 
120 30.4 | 0.012 
240 53.2 | 0.013 
a-Benzoy|-L-homoargi- 
ninamide.............| Trypsin) 10.0 24 hrs.| 0 
a-Benzoyl-L-arginin- 
Papain 0.105 5.1 23.8 | 1.38 
9.9 | 41.4) 1.38 
14.9 | 54.3 1.35 
a-Benzoy1-L-homoargi- 
Papain 0.105 4.6 16.8 | 1.04 
9.5 | 31.9 | 1.04 
14.3 | 42.7 | 1.04 


Guanidinated Mercurtpapain 
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Fic. 5. The effect of nitrous acid on the activity of mercuri- 
papain and guanidinated mercuripapain. One per cent solutions 
of either enzyme, buffered at pH 4.2 with sodium acetate, were 
allowed to react at 25°, for the intervals indicated. Aliquots were 
occasionally removed and the activity of the treated protein de- 
termined as described in the text. 


collected by centrifugation, suspended in water,! and assayed in 
the usual manner. The activities obtained at several time inter- 
vals after starting the reaction are shown in Fig. 5. 

Nitrous acid produces a loss of 50 per cent of the activity of 
papain in about 45 minutes and almost complete inactivation 
occurs in 24 hours. However, the guanidinated enzyme is only 
slowly inactivated by nitrous acid and retains between 40 and 
60 per cent of its original activity after 24 hours. Although the 
stability of the guanidinated papain to nitrous acid was expected, 
because of the paucity of reactive amino groups, the apparent 
increase in activity of the guanidinated enzyme after treatment 
with nitrous acid for 30 minutes was unexpected and is not 
readily explained. It is important to emphasize that in all of 
the experiments, there was a consistent increase of between 20 
to 40 per cent in the activity after treatment for 30 minutes with 
nitrous acid. It is noteworthy that this material possessed a 
definite vellow color after the 30 minute reaction period. 

In order to gain some insight as to extent of alteration of 
lysine in the nitrous acid treated preparations, amino acid anal- 
yses were performed on acid hydrolysates of these materials. 
No change in amino acid composition was found except for differ- 
ences in the lysine and tyrosine content. Approximately one 
residue of lysine still remained in mercuripapain after treatment 
with nitrous acid for 24 hours and the tyrosine value was about 
60 per cent of that expected. The disappearance of these two 
amino acids was coincidental with the appearance of two other 
peaks in the amino acid chromatogram. One of these emerged 
immediately before glycine at the same position as e-hydroxy- 
q@-amino-n-caproic acid. The substance obtained from the col- 
umn also had the same Rp on butanol-acetic acid-water (200: 
30:75) paper chromatograms as e-hydroxy-a-amino-n-caproic 
acid, the amino acid which should result after treatment of lysine 


1 In the early stages of nitrous acid treatment the precipitate 
was soluble; in the later stages only a portion of the material was 
soluble. On exhaustive treatment with nitrous acid, papain be- 
came essentially completely insoluble. 
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in peptide linkage with nitrous acid. The recovery of this amino 
acid was not of the magnitude expected, however, in that almost 
7 residues of lysine disappeared and only 1.4 residues of ¢-hy- 
droxy-a@-amino-n-caproic acid were recovered. Although it is 
not clear why the low yield was obtained, it should be noted 
that nothing is known about the destruction of this amino acid 
during the hydrolytic procedure. 

The second new peak emerged immediately in front of tyrosine 
and although no positive identification of this material was made, 
it might be a product of the nitrous acid reaction with tyrosine, 
which has been shown in some cases to be nitrosotyrosine (21). 
If this reaction occurred it could account for the slight yellow 
color of nitrous acid treated materials. It is not nitrotyrosine 
as judged by isolation and determination of its Rp value on 
paper in butanol-acetic acid-water paper chromatography. 

One of the surprising features of the analysis of the guanidi- 
nated preparations which had been treated with nitrous acid, 
was the persistence of the original lysine content of one residue 
regardless of the extent of reaction. It appears that one residue 
of lysine in papain is not reactive, since this residue remains 
after guanidination as well as after nitrous acid treatment. 


Physical Characterization? 


Chromatography on IRC-50—Chromatography of guanidinated 
papain on the carboxylic resin, IRC-50, was performed in 0.2 M 
sodium phosphate buffer at pH 6.7. In general the procedures 
of Finkle and Smith (22) were followed in preparing and han- 
dling the column and the eluates. Fig. 6 shows the behavior of 
the proteins on a 1.3 X 40 cm. column where the flow rate was 
3.5 ml. per hour. The peaks were located by determining the 
absorbancy of the eluates at 280 mu. It can be seen that guani- 
dinated papain emerges later than papain. The marked asym- 
metry of the peak corresponding to the guanidinated protein, 
which is most apparent on the descending limb, is probably due 
to the very low solubility of this protein in the phosphate buffer. 
Although it might suggest the presence of impurities, assay of 
the enzymic activity in each tube with benzoyl-L-argininamide 
as substrate showed that the activity per ml. of eluate was pro- 
portional to the concentration of enzyme per ml. This could 
not occur if inactive impurities were present. 

Electrophoresis—This was performed in a Tiselius apparatus 
equipped with the Schlieren scanning device described by Longs- 
worth (23). At pH 4 in sodium acetate buffer of 0.1 ionic 
strength, two components are present. The major component 
in the guanidinated derivative comprises 71.5 + 2.5 per cent of 
the total protein and has a mobility of +5.9 « 10-5 sq. cm. per 
volt per second as compared to the major component of mercuri- 
papain (24) which comprises 65 per cent of the total protein and 
has a mobility of +5.5 & 10-5sq. em. per volt per second. The 
minor components in both mercuripapain and the guanidinated 
derivative have a mobility of 4.7 to 4.8 & 10-5 sq. em. per volt 
per second. As in the case of mercuripapain, it is thought that 
one component is bound to mercury (24). 

Sedimentation Studies—These experiments were performed in 
a Spinco model E centrifuge; each run was made at 59,780 
r.p.m. at room temperature. All data were corrected to sedi- 


2 We are indebted to Mr. Douglas M. Brown for his help in per- 
forming the electrophoresis and ultracentrifugation experiments 
reported in this section. 
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Fic. 6. Chromatography of guanidinated mercuripapain on 
IRC-50. 10 mg. of crystalline guanidinated mercuripapain were 
chromatographed on a 1.3 X 45 cm. column with 0.2 m sodium 
phosphate buffer, pH 6.7. 6 mg. of mercuripapain were chroma- 
tographed under the same conditions on a different occasion and 
the peak obtained plotted for reference. Flow rate in each case, 
3.5 ml. per hour. Peaks were located by determining the absorb- 
ancy of the eluates at 280 mu. 


Wel 


Fic. 7. A sedimentation pattern of guanidinated mercuripapain 
at pH 4 at 1.85 per cent protein concentration. The tracing was 
made from a photograph taken 97 minutes after reaching full 
speed (59,780 r.p.m.). 


mentation values in Svedberg units corresponding to water at 
20° (S20, w)- 

At pH 4 in 0.1 m sodium acetate buffer, the guanidinated 
mercuripapain shows two distinct components (Fig. 7). The 
amount of the heavy component diminishes with decreasing pro- 
tein concentration. This is shown in Fig. 8 which indicates the 
percentage of the light component as a function of protein con- 
centration. It is evident that at infinite dilution only the light 
component would be present. The 820, value of the light com- 
ponent, like that of mercuripapain, is independent of protein 
concentration (24). The average s2,, of the light component 
is 2.42 + 0.10 S, identical with that of mercuripapain (24). 
The sedimentation constant of the heavy component is 5.81 S 
at infinite dilution. This value corresponds approximately to a 
molecular weight of 80,000, which would represent a tetramer. 
It is noteworthy that mercuripapain has a strong tendency to 
aggregate at higher pH values but not at pH 4 (24). The ag- 
gregation of the guanidinated mercuripapain at pH 4 is presum- 
ably a reflection of the stronger binding properties of the enzyme 
for guanidininium compounds than for ammonium derivatives. 
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ribonuclease, where one relatively unreactive lysine residue seems 
° = to be essential for the enzymic stability (3). 

- oar 7 Two alternative interpretations of the rapid inactivation of 
Z a papain by nitrous acid appear to be possible. The first is that 
= w an €-ammonium group participates in the active site where it 
4 a can be replaced by a guanidinium group but not by a hydroxy] 
< a group. However, there is no evidence to suggest such a role for 
ws 5.2 © an ammonium group in the reaction mechanism and there does 
= S not seem to be any necessity for such an assumption. Actually, 
a “a kinetic evidence indicates only that a sulfhydryl group partici- 
4.6/— | l | | S pates in the active site along with a carboxyl group (26, 27). 


0.5 1.0 20 
PROTEIN CONCENTRATION~PER CENT 


Fic. 8. The sedimentation constants of the heavy component 
of guanidinated mercuripapain as a function of protein concentra- 
tion, and the percentage of light component as a function of pro- 
tein concentration. All measurements were made at pH 4 in 0.1 
ionic strength sodium acetate buffer. 


It may be recalled that papain has a greater affinity for arginine 
than for lysine compounds as judged by the relative rate of hy- 
drolysis of such substances (25). | 


DISCUSSION 


From the results presented, several conclusions concerning 
guanidinated mercuripapain can be made. Although 7 of the 8 
€-amino groups in papain can be converted to guanidinium 
groups, no marked alteration is found in the chemical and physi- 
cal properties of the modified enzyme, other than those directly 
attributable to the substitution of homoarginine for lysine resi- 
dues, e.g. in electrophoretic and chromatographic behavior. 
Moreover, at least 7 of the 8 e-ammonium groups of lysine can 
be changed to guanidinium groups without modifying the en- 
zymic properties or the native configuration of the portion of 
the protein structure essential for activity. Inasmuch as the 
guanidinated mercuripapain is readily crystallized, it is unlikely 
that any profound alteration in structure has occurred. How- 
ever, in view of the rapid inactivation of mercuripapain produced 
by treatment with nitrous acid, it appears that e-hydroxy groups 
cannot fulfill the functions of the guanidinium or ammonium 
groups. Reaction of tyrosine with nitrous acid is probably not 
responsible for the initial inactivation since the guanidinated 
protein, which contains the same amount of tyrosine, is only 
slowly inactivated. 

One interesting feature of these results is the observation that 
approximately one €-amino group is very unreactive and remains 
as such even after prolonged reaction with either O-methyliso- 
urea or nitrous acid, as judged by the yield of lysine after acid 
hydrolysis. It seems apparent that although one lysine residue 
is not reactive, this alone is not responsible for maintaining a 
completely active enzyme such as appears to be the case with 


A second line of reasoning is, that either ¢-ammonium or 
€-guanidinium groups can play an important part in maintain- 
ing the three dimensional structure of papain, whereas the non- 
ionic e-hydroxy groups cannot serve this function. If this is 
the case, the resulting nitrous acid-treated mercuripapain would 
be expected to behave as a denatured protein. It was impossible 
to make any measurements on this material because of the com- 
plete insolubility of mercuripapain preparations which had been 
treated with nitrous acid. The insolubility of such preparations 
is itself indicative of denaturation involving disruption of the 
secondary and tertiary structure of the molecule. Indeed, other 
procedures which unfold the papain molecule irreversibly also 
produce completely insoluble preparations, e.g. oxidation with 
performic acid (20), exposure to high concentrations of guanidine 
chloride and dialysis (28), boiling. Since the activity is main- 
tained only in the native state (28) the inactivation produced by 
nitrous acid is probably due to the disruption of the normal 
three-dimensional structure. 


SUMMARY 


1. After exhaustive reaction of mercuripapain with O-methyl- 
isourea, 7 of the 8 lysine residues are converted to homoarginine 
residues. The guanidinated enzyme is readily crystallized and 
is fully active, exhibiting the same substrate specificity as papain. 
The changes in the chemical and physical properties of the guani- 
dinated mercuripapain can be readily explained in terms of the 
greater basicity of the guanidinium groups as compared to the 
ammonium groups. 

2. Whereas mercuripapain is rapidly inactivated by nitrous 
acid, guanidinated mercuripapain is much more stable to this 
reagent. It is likely that certain e-ammonium (or e-guanidinium) 
groups play a role in maintaining the native configuration of the 
protein. The nonionic e-hydroxy groups cannot substitute for 
the cationic group. 

3. Trypsin is unable to hydrolyze benzoyl-t-homoarginina- 
mide. It also cannot hydrolyze guanidinated, oxidized mercuri- 
papain at peptide bonds involving the carboxyl groups of homo- 
arginine residues. 

4. Papain hydrolyzes benzoyl-L-homoargininamide at about 
75 per cent of the rate of the corresponding arginine derivative. 
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During recent years, 


result in loss of activity. In this way progress is being made 
toward locating the group of amino acid residues (so called 
“active center”) that participates in the catalytic action. The 
organic esters of phosphoric acid, such as diisopropylphosphoro- 
fluoridate, have been particularly helpful in studying the struc- 
tural features essential for the activity of enzymes such as 
chymotrypsin, trypsin, and cholinesterase (cf. (2)). The intro- 
duction of one organophosphate residue per molecule of protein 
leads to complete loss of enzymatic activity, and investigations 
of the modified proteins have shown in each case the presence of 
a serine residue that bears a substituted hydroxyl group. More- 
- over, this serine residue is found within a sequence of amino acid 
residues that is similar for each of the enzymes. 

Ribonuclease is the enzyme the covalent structure of which is 
best known at present (Hirs et al. (3)). It is not one of the group 
that is inactivated by diisopropylphosphorofluoridate, although 
by the use of other methods of modifying the protein, evidence 
has been obtained to indicate some of the portions of the molecule 
that are most directly concerned with its enzymatic activity 
(Anfinsen and Redfield (4), Richards (5)). The present com- 
munication describes experiments on this subject which have 
been prompted by the observation that native ribonuclease is 
inactivated by iodoacetate. This fact was first noted by Zittle 
(6) in 1946, and ascribed to reaction with sulfhydryl groups. 
Ribonuclease is now known not to contain any —SH groups (3), 
and, therefore, iodoacetate presumably reacts with amino acid 
residues other than cysteine. The following experiments have 
been designed to determine the types of amino acid residues in- 
volved when ribonuclease is inactivated at different pH values by 
iodoacetate. Chromatography on IRC-50 resin has been used 
to isolate purified alkylated proteins, and quantitative amino 
acid analyses of hydrolysates of the derivatives have been per- 
formed in order to ascertain the specific changes that have been 
brought about in amino acid composition. 


EXPERIMENTAL 


Assay of Ribonuclease—The activity of ribonuclease was deter- 
mined with 2’,3’-cyclic eytidylic acid as substrate by a modifica- 


* A preliminary report was presented before the meeting of the 
American Society of Biological Chemists in Atlantic City, New 
Jersey, April 1959 (1). 

t Fellow of the United States International Cooperation Ad- 
ministration. Present address, Physiologisch-Chemisches Insti- 
tut, University of Wiirzburg, Germany. 


successful efforts have been made to 
modify a number of enzymes by specific chemical reactions that 


tion of the titrimetric method of Davis and Allen (7).' The 
substrate solution (about 0.007 M) is made by dissolving 33 mg. 
of barium cyclic cytidyvlate (Schwarz Laboratories, Inc.) in 5 
ml. of 0.25 Mm Na SO, (boiled, CO+-free), centrifuging off the 
BaSO,, washing the precipitate with 0.25 m Na.SO,, and making 
up the supernatant solution and washings to 10 ml. with 0.25 u 
Na SO,. The substrate solution is stored at —20°. Titration 
is carried out in a water-jacketed cell under a barrier of Ne (8) 
with a Beckman model G pH meter equipped with a probe 
electrode (No. 19166). The reaction mixture is maintained at 
pH 7.0 and 30° and stirred magnetically while 0.02 n NaOH in 
0.25 m NaSO, is added from a Gilmont microburet. The 
enzyme solution (10 to 50 wl. containing from 5 to 50 ug. of 
ribonuclease) is added to 2 ml. of substrate solution brought to 
pH 7.0 with 0.02 Nn NaOH. For convenience in following the 
rapid reaction, alkali is added in 2.5 ul. increments, and the time 
required for the pH to return to 7.0 is noted. The plot of total 
alkali added against total elapsed time is linear until about 50 
ul. of alkali have been added. The slope of the resulting straight 
line is proportional to the amount of ribonuclease present with 
an accuracy of +5 per cent when an amount of enzyme from 5 
to 50 ug. is present per assay. 

Reaction of TIodoacetate with A 
(30 mg. of material purified from Armour Lot 381059 by chroma- 
tography on IRC-50 (9) and desalted by dialysis) was dissolved 
in 2 to 3 ml. of water, and to it were added 30 mg. of iodoacetic 
acid (The Matheson Company, Inc., iodine content less than 
0.01 per cent measured with starch indicator) in 2 to 3 ml. of 


water. The solution was brought immediately to the desired 
pH with 0.1 ~ NaOH and made up to a volume of 10 ml. with 
water. Reaction was allowed to proceed in a pH-stat (10) at 


40° for the indicated time. Aliquots (20 ul.) were removed for 
the determination of ribonuclease activity. To terminate the 
reaction, the mixture was poured onto an 0.9 * 2.5-cm. bed of 
IRC-50 in the acid form, previously equilibrated with 0.1 Nn 
acetic acid. The bed was washed with 15 ml. of 0.1 N acetic 
acid, and the ribonuclease was eluted with 10 ml. of nN sodium 
acetate. The solution containing ribonuclease was dialyzed 
(23/32 Visking tubing, with a stirrer inside the bag) against 
running distilled water for 20 hours, lyophilized, and the product 
stored at —20°. This method of separating the protein from 
inorganic salts and iodoacetic acid is based upon the known 
affinity of most proteins for the carboxyl form of IRC-50 (ef. 


1 Dr. Mayo Uziel worked out this modified assay procedure, 
starting from Ba cyclic cytidylate, during his tenure of a National 
Foundation for Infantile Paralysis Fellowship in this laboratory. 
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(11)), a property also utilized recently by Dixon (12) in a proce- 
dure for desalting protein solutions. 

The reaction products were chromatographed on columns of 
finely divided IRC-50 (13, 14) by the procedure of Hirs et al. (9). 

Amino Acid Analyses—All analyses were performed with 
columns of Amberlite IR-120 (14) and the automatic recording 
equipment of Spackman et al. (15). Hydrolyses were conducted 
by heating about 5 mg. of protein in 2 ml. of 1:1 H,O-concen- 
trated HCl at 110° for 22 hours in evacuated sealed tubes. 
Effluent fractions from columns of IRC-50 were dialyzed at 4° 
and lyophilized to obtain the samples of protein for hydrolysis. 

To calculate the molar ratios given in Tables I and II, the 
average of the uwmoles of glutamic acid and alanine found was 
assumed to be equal to 12.0 residues in accordance with the 
known number of each of these residues in native ribonuclease 


TABLE 


Amino acid composition of hydrolysates of mixtures of 
proteins obtained in reaction of ribonuclease A 
with todoacetate under different conditions 
The values are given in terms of the molar ratios of the amino 
acids. The figures for serine, threonine, half-cystine, and tyro- 
sine are corrected for losses resulting from decomposition during 
hydrolysis. See ‘Experimental’ for the method of calculation. 


| No. of amino acid residues per molecule 


Amino Acid lodoace- | TIodoace- | Iodoace- 


y \ereated, pit treated, pH 
| 8.5, for 80 | 5.5, for 40 | 2.8, for 40 
minutes minutes | minutes 

Aapartic 15 15.0 14.5 14.7 
es 12 12.0 | 12.1 12.1 
9 8.4* | 8.5* | 8.3* 
2 2.0 20 {| 1.28 
| 15.3 | 18.2 | 15.2 
4 3.7 | 3.7 | 2.2f 
4 4.1 | 3.4 | 4.0 
Phenylalanine. ... 3 2.9 | 2.9 2.8 
4 3.8 3.2 4.0 
Homoserine.................| 0 | | 0.2 
Homoserine lactone........ | 0 0.4 
S-carboxymethylhomocys- 

1 (or 3)-Carboxymethy! - 

Monocarboxymethvllysine. . 0 1.2 | O02 | 
Diearboxvmethyllvsine. . 0 0.1 


| | | 


* Valine and isoleucine are known not to be completely lib- 
erated by only 22 hours of acid hydrolysis (17). 

t This corrected value for half-cystine is high probably because 
the amount of decomposition on hydrolysis was less than usual. 
The uncorrected value is 7.6 residues per molecule. 

t Figures in boldface type differ significantly from the values 
normally obtained with untreated ribonuclease A. 
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TABLE Il 


Amino acid composition of hydrolysates of samples of ribonuclease A 
and altered ribonucleases recovered from columns of IRC-50 
after reaction with iodoacetate 


Values are expressed in the manner described in Table I. 


No. of amino acid residues per molecule 


Amino acid 
Theory, Peak A Peak B | Peak E 
(16) "| (Fig.3@) | (Fig. 3a) | (Fig. 36) 
Aspartic acid... 15.0 | 14.6 
d 12 | 11.9 11.9 | 12.0 
Valine... 9 | 8.3* 8.2* | 
Sereme.......... 15 15.3 15.7 15.1 
Threonine... 10 | 10.1 10.1 | 10.2 
Half-cystine............ Ss 8.1 9.1f | 8.0 
4 | 3.8. | | 3.8 
10 | 10.2 | 10.2 | 8.2 
1 (or 3)-Carboxymethyl- | 
Monocarboxymethyllysine . | 


* Valine and isoleucine are known not to be completely lib- 
erated by only 22 hours of acid hydrolysis (17). 

t This corrected value for half-cystine is high probably because 
the amount of decomposition on hydrolysis was less than usual. 
There also may be present a small quantity of one of the isomers 
of carboxymethylhistidine which chromatographs at this position 
(cf. text). The uncorrected value is 7.4 residues per molecule. 

t Figures in boldface type differ significantly from the values 
normally obtained with untreated ribonuclease A. 


(16). The values for serine, threonine, half-cystine, and tyrosine 
were divided by 0.89, 0.95, 0.81, and 0.88, respectively, to correct 
for the average losses of these amino acids that have been found 
to occur during many hydrolyses of untreated ribonuclease A. 

Reaction of Ilodoacetic Acid with a-N-acetylhistidine—a-N- 
acetvlhistidine (100 mg., prepared according to Bergmann and 
Zervas (18)) and iodoacetic acid (400 mg.) were dissolved in 25 
ml. of water, brought to the desired pH with NaOH, and ineu- 
bated in a pH stat at 40° for the indicated time. An aliquot (50 
ul.) of the reaction mixture was removed and hydrolyzed with 
6 N HC! at 110° in a sealed tube for 6 hours before amino acid 
analysis. 

Reaction of lodoacetic Acid with Polylysine—The sample of 
polylysine was a gift of Dr. Lyman C. Craig, to whom we wish 
to acknowledge our indebtedness. It was dried over PO; at 16 
mm. pressure at room temperature for 24 hours before 7.4 mg. 
(equivalent to 58 wmoles of lysine) were dissolved in 4.3 ml. of 
water containing 59 mg. of iodoacetic acid. The solution was 
brought to pH 10 with 0.1 N NaOH and incubated in a pH stat 
at 40°. In 3 hours, 46 wmoles of alkali had been taken up. The 
solution was dialyzed at 4°, lvophilized, and hydrolyzed for 20 
hours in the same manner as the samples of ribonuclease. 
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RESULTS 


Inactivation of Ribonuclease A by Iodoacetate—As can be seen 
in Fig. 1, the rate of the inactivation of ribonuclease A by iodo- 
acetate at 40° depends upon the pH at which the reaction is 
carried out. At alkaline pH values (pH 10.5 or pH 8.5) the 
inactivation is relatively slow, reaching 50 per cent only after 
about 90 minutes. Moreover, the rate of inactivation levels off 
after about 140 minutes and the activity does not decrease below 
35 per cent even after 220 minutes. When the reaction is carried 
out at pH 5.5 or at pH 6.2, however, inactivation is faster and 
more complete. Fifty per cent of the activity has disappeared 
in 30 to 60 minutes, and only 10 per cent of the activity remains 
after 150 minutes. If the pH at which the reaction with iodo- 
acetate occurs is lowered still more, to pH 4, the rate of inactiva- 
tion is again slow, and is comparable to that observed at pH 8.5 
or pH 10. At pH 2.8, however, ribonuclease is inactivated by 
iodoacetate at a rate comparable to that observed at pH 5.5. 
In the absence of iodoacetate, ribonuclease A is stable for many 
hours at pH 10, pH 6, or pH 2.8. 

This variation of the rate of inactivation with pH could be 
readily explained if different kinds of amino acid residues in the 
ribonuclease molecule were reacting with iodoacetate at alkaline, 
neutral, and acid pH values. In an attempt to shed some light 
on the inactivation process, amino acid analyses were performed 
upon samples of ribonuclease that had been about half-inacti- 
vated by reaction with iodoacetate at pH 8.5, pH 5.5, and pH 
2.8. 

Reaction with Lysine Residues at pH 8.5—In each of the chro- 
matograms obtained from hydrolysates of iodoacetate-treated 
ribonuclease, peaks appear that are not normally seen with acid 
hydrolysates of untreated ribonuclease A. In the hydrolysate 
of the pH 8.5-inactivated enzyme (Fig. 2a) the two most promi- 
nent new peaks are before aspartic acid, at 90 ml., and just 
ahead of methionine at 335 ml. Major peaks in exactly the 
same positions are found with a hydrolysate of a sample of poly- 
lysine that has been allowed to react with iodoacetate at pH 
10. In the polylysine hydrolysate, the first peak, obtained in 
50 per cent yield, is doubtless attributable to e-di(carboxymethyl) 
lysine, and the slower moving one (20 per cent yield) to the mono- 
substituted derivative. Free lysine was also present in the 
hydrolysate to the extent of 30 per cent. The ability of a- 
halogen substituted acetic acids to react with the e-amino group 
of lysine in this way has been clearly demonstrated by Korman 


Rate of Inactivation of Ribonuclease 
with Iodoacetate under Different Conditions 
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Fic. 1. Rate of inactivation of ribonuclease by iodoacetate at 
different pH values. The protein (0.3 per cent solution) was 
treated with an equal weight of iodoacetic acid at 40°. The en- 
zymatic activity was measured with cyclic cytidylic acid as sub- 
strate. 
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and Clarke (19). It seems very probable that the peaks in Fig, 
2a at 90 ml. and at 335 ml. are also e-carboxymethyllysine deriva- 
tives, because, as can be seen from the results of the analyses 
tabulated in Table I, the free lysine content of the partially in- 
activated enzyme is only about 8.7 residues per molecule, whereas 
untreated ribonuclease yields 10 residues of lysine per molecule, 
The deficit of 1.3 residues is almost exactly accounted for by the 
two new peaks, which together add up to 1.15 residues per 
molecule. The small peak at 40 ml. probably is attributable 
to cysteic acid, traces of which are often encountered in hydroly- 
sates. There are also barely perceptible elevations in the base 
line at the positions assumed by homoserine, S-carboxymethy]l- 
homocysteine, and homoserine lactone (on the 15-cm. column), 
Apparently, a slight reaction with the methionine residues in the 
protein has also occurred (cf. accompanying paper (20)) although 
the recovery of free methionine shown in Table I is not signifi- 
cantly lower than normal. With the exception of lysine, the 
analytical data given in Table | for the pH 8.5 inactivated ribo- 
nuclease are the same as those obtained from the untreated 
enzyme. 

Reaction with Histidine Residues at pH 5.5—The effluent curve 
obtained from a hydrolysate of a sample of ribonuclease A about 
half-inactivated at pH 5.5 showed a small new peak at 180 ml., 
just ahead of and partly overlapping proline. (The analysis 
shown in Fig. 26 is for the chromatographically purified deriva- 
tive isolated from the heterogeneous reaction mixture in the 
manner described later.) The material in this new peak reacts 
with ninhydrin to give a substance absorbing maximally at 570 
my, however, so that it is clearly distinguishable from proline, 
which gives a product with ninhydrin that absorbs at 440 my 
It was surmised that this new peak was attributable to a product 
formed by the reaction of iodoacetic acid with the imidazole 
group of a histidine residue, since histidine is the only amino acid 
for which a low analytical value was obtained (Table 1). To 
check this surmise, a-N-acetylhistidine (18) was allowed to react 
with iodoacetate at pH 5.5 and pH. 8.5. The reaction mixtures 
were hydrolyzed with 6 n HCl, and the hydrolysates were chro- 
matographed. Two new peaks appeared, one at the position 
observed for the new peak ahead of proline, and a second (in 3 
to 4 times the quantity) at 280 ml., which is at the same position 
as the mixture of meso- and pL-cystine (17), and hence would 
not normally be visible as a separate peak. A small peak at this 
position is seen, however, if ribonuclease A inactivated at pH 
5.5 is oxidized with performic acid before hydrolysis. Cystine is 
thereby transformed to cysteic acid, which emerges at 40 mL, 
thus making it possible to detect the small peak attributable to 
the second histidine derivative. The presence of two new peaks 
probably can be explained by the fact that iodoacetate, like 
other alkylating agents, would be expected to form both 1- and 
3-substituted imidazole derivatives of histidine (cf. Tallan et al. 
(21)). Formation of the imidazole disubstituted derivative ob- 
served by Korman and Clarke (19) seems unlikely at pH 5.5, but 


2 The position of the carboxymethylhistidine peak, like those of 
the dicarboxylic acids and of cystine, is extremely sensitive to pH. 
Good separation from proline is obtained only if the first eluent is 
adjusted to about pH 3.30 so that cystine immediately follows 
alanine. If cystine is well separated from alanine and emerges 
near valine, carboxymethylhistidine will completely overlap pro- 
line. Under these conditions, the presence of the histidine deriva- 
tive can usually be detected by the fact that the reading at 570 
my is much higher relative to that at 440 my than would be the 
case if proline were present alone. 
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a small amount of a third more rapidly moving component, which 
may be the dicarboxymethy] derivative, is seen at 68 ml. upon 
chromatography of the reaction mixture obtained at pH 8.5. 
Although a-N-acetylhistidine reacts with iodoacetate to give 
predominantly the more retarded of the two monocarboxymethy] 
isomers, the reaction with the histidine residue in the enzyme 
forms mostly the isomer eluted at 180 ml. In a hydrolysate of 
ribonuclease that has been almost completely, rather than about 
half, inactivated at pH 5.5, evidence is present that some reac- 
tion has also taken place with lysine and with methionine, since 
small peaks appear at the positions assumed by ¢-monocarboxy- 
methyllysine, homoserine, S-carboxymethylhomocysteine, and 
homoserine lactone. 

Reaction with Methionine Residues at pH 2.8—The effluent 
curve obtained from a hydrolysate of a sample of ribonuclease A 


Chromatographic Separation of the Products 
of the Reaction of Iodoacetate with Ribonuclease 
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Fic. 3. Chromatographic separation of the products of the re- 
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action of iodoacetate with ribonuclease. The columns of IRC-50 
(0.9 K 30 cm.) were employed at pH 6.47 under the conditions de- 
scribed by Hirs et al. (9). The load was about 10 mg. of total 
protein. Peak A in each instance corresponds to the position of 
elution of unreacted ribonuclease A. (a) Products of the reac- 
tion with iodoacetate at pH 5.5 for 40 minutes at 40°. The inac- 
tive component giving rise to Peak B contains one carboxymeth- 
ylated histidine residue (cf. Fig. 2b and Table II). (6) Products 
of the reaction with iodoacetate at pH 8.5. The principal alkyla- 
tion has been on the e-NH2-group of lysine (cf. Fig. 2a and Table 
II). (c) Products of the reaction with iodoacetate at pH 2.8. 
The principal alkylation has been at the thioether group of methi- 
onine (cf. Fig. 2c and Table I). 


about half-inactivated at pH 2.8 is shown in Fig. 2c. Peaks 
ascribable to homoserine, S-carboxymethylhomocysteine, and 
homoserine lactone are clearly visible, indicating that reaction 
with methionine residues in ribonuclease has taken place (20), 
Such a reaction is supported by the analytical data in Table | 
which show methionine to be the only amino acid for which low 
recoveries are obtained. Moreover, the sum of the homoserine, 
S-carboxymethylhomocysteine, homoserine lactone, and methio. 
nine peaks is equal to the amount of methionine usually found jn 
hydrolysates of untreated ribonuclease A. The recoveries of 
lysine and of histidine are quantitative, which is in agreement 
with the fact that in Fig. 2c there are no significant peaks in the 
positions assumed by ¢-carboxymethyllysine or 1(or 3)-carboxy- 
methylhistidine. 

In the accompanying paper it is noted that the rate of reaction 
of iodoacetate with the amino acid, methionine, is relatively in- 
dependent of pH. In the protein ribonuclease, however, the 
present results show that the methionine residues react more 
rapidly at pH 2.8 than at pH 5.5. 

Importance of Removing Excess Iodoacetate—Protein prepara- 
tions that have been in contact with iodoacetate must be rigor- 
ously freed from the reagent before acid hydrolysis, or else 
secondary changes taking place during hydrolysis make it im- 
possible to use the amino acid analyses to determine the nature 
of the reaction between intact ribonuclease and iodoacetate. 
For example, if iodoacetic acid (0.8 mg.) was added to ribo- 
nuclease A (5 mg.) immediately before hydrolysis, analyses of the 
hydrolysate showed that about one-third of the methionine had 
been lost with concomitant formation of a considerable amount of 
S-carboxy-methylhomocysteine. 

To check the adequacy of a given procedure for removing 
iodoacetate, ribonuclease A and iodoacetic acid were mixed, im- 
mediately subjected to the method of purification in question, 
and an amino acid analysis was performed on the resulting prod- 
uct. Extraction with ether was found to be unsatisfactory. 
Dialysis gave erratic results and suffered from the additional dis- 
advantages that reaction with iodoacetate could not be termi- 
nated rapidly, and the reaction product was heterogeneous when 
chromatographed on IRC-50 (see next section). Adsorption on 
the acid form of IRC-50, followed by elution with sodium acetate 
(ammonium acetate doubtless would function as well) gave a 
preparation that was undiminished in enzymatic activity, had 
the correct amino acid composition, and gave a single peak when 
chromatographed on IRC-50. 

Chromatography of Various Preparations of Todoacetate-Treated 
Ribonuclease A—In the hope that purified carboxymethy! de- 
rivatives of ribonuclease suitable for further investigation could 
be isolated from the heterogeneous reaction mixtures, the solu- 
tions obtained after 50 to 60 per cent inactivation had taken place 
at pH 5.5, pH 8.5, and pH 2.8 were subjected to chromatography 
on columns of IRC-50. The results are shown in Fig. 3. It 
should be emphasized that unless the samples had been freed 
from iodoacetate by the procedure referred to above, that uses 
IRC-50, the chromatograms showed diffuse zones extending from 
the break-through volume rather than the discrete peaks seen 
in Fig. 3. Mixtures obtained after only 50 to 60 per cent in- 
activation were chosen for two reasons. In the first place, the 
shorter time required to achieve limited inactivation tends to 
reduce secondary reactions (with methionine residues at pH 5.5, 
for example) and to facilitate the isolation of a product that has 
undergone the minimum changes required to produce the inae- 
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tivation observed. In the second place, after a short period of 
inactivation, some unchanged ribonuclease A should still be 
present to serve as an internal control for the adequacy of the 
chromatographic procedure. 

As may be seen from Fig. 3a, after about 60 per cent inactiva- 
tion at pH 5.5, two major and several minor components can be 
separated on the IRC-50 column. The first major peak con- 
tains about 30 per cent of the ninhydrin color and all of the 
enzymatic activity of the preparation, and appears at the same 
eluent volume as unreacted ribonuclease A. That it is un- 
changed ribonuclease A is confirmed by the amino acid analysis 
shown in Table II. The analytical data are indistinguishable 
from those yielded by samples of the enzyme that have never 
heen in contact with iodoacetic acid. 

The second major peak, at 26 ml., contains about 40 per cent 
of the ninhydrin color of the sample and no enzymatic activity 
when tested with cyclic cytidylic acid as the substrate; if the 
material had possessed more than 3 per cent of the activity of 
ribonuclease A, hydrolysis would have been observed under the 
conditions used. Amino acid analysis of a sample of the mate- 
rial in Peak B, prepared with a 50 mg. load on a 2 X 30-cm. 
column and desalting the protein by dialysis, gave the chromato- 
gram shown in Fig. 26 and the data given in Table II. All of 
the amino acids are present to the same extent as in untreated 
ribonuclease A except histidine, which is low by almost exactly 
one residue. The chromatogram obtained from the hydrolysate 
exhibits a peak between proline and glutamic acid in exactly the 
position shown for 1(or 3)-carboxymethy] histidine, but no other 
extraneous peaks. This peak amounts to 0.7 of a residue, and 
doubtless a small amount of the isomeric histidine derivative is 
masked by the cystine peak, for the recovery of cystine (Table 
Il) is higher than usual, which might be expected if another 
component were present. It seems safe to conclude from these 
data that the second major peak in Fig. 3a is given by a totally 
inactive derivative of ribonuclease A that differs from the active 
enzyme only in that the imidazole group of one of the four histi- 
dine residues in the molecule bears a carboxymethyl! group. 

The effluent curve obtained when a sample of ribonuclease A 
inactivated to the extent of about 50 per cent at pH 8.5 is chro- 
matographed on IRC-50 is shown in Fig. 3b. Three main peaks 
can be seen; the first one, which is at the break-through volume 
of the solvent, contains a small amount of enzymatic activity; 
a second just behind it is inactive; and a third is at the position 
normally assumed by ribonuclease A and is active. Amino acid 
analyses were performed upon the material in the first, unre- 
tarded peak that contained some activity, and the results are 
given in Table II. There is no reason to believe that the ma- 
terial is pure, but the analyses are of interest because they show 
that between one and two residues of é€-monocarboxymethyl- 
lysine are present, but that the remaining amino acids are re- 
covered to the same extent as they are in untreated ribonuclease 
A. Clearly, improved chromatographic separation and more 
work will be needed before the course of the reaction between 
ribonuclease and iodoacetic acid at pH 8.5 can be elucidated. 

When ribonuclease A inactivated to the extent of about 50 
per cent at pH 2.8 was chromatographed, still a different picture 
was obtained, as can be seen in Fig. 3c. Only one enzymatically 
active peak was found, and that occurred in the ribonuclease A 
position. Immediately after it were poorly resolved zones of 
inactive material. If, as the analyses in Table I indicate, for- 
mation of sulfonium salts of methionine residues is the only 
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reaction that takes place at pH 2.8, the inactive zones probably 
arise from ribonuclease molecules the methionine residues of 
which have reacted to different degrees or at different sites. 


DISCUSSION 


The fact that ribonuclease can be inactivated by iodoacetate 
was first reported by Zittle (6), who noted that the rate of inacti- 
vation was fairly slow. At the time of Zittle’s work, the absence 
of sulfhydryl groups in ribonuclease had not yet been established, 
and hence it was reasonable to suppose that loss of activity was 
the result of the familiar reaction of iodoacetate with a sulfhydryl 
group essential to the activity of the enzyme. From the data 
reported in the present communication, it is clear that the mecha- 
nism of the inactivation is a function of the conditions under 
which the reaction with iodoacetate is carried out. At neutral 
or slightly acid pH values, the most rapid reaction seems to be 
with the imidazole group of a histidine residue, but longer con- 
tact between the reactants will lead to coverage of other groups, 
notably the sulfur atoms of methionine residues (20), and the 
€-amino groups of lysine residues as well. At more acid pH 
values, however, reaction with methionine sulfur seems to occur 
exclusively, whereas at an alkaline pH, both lysine and methio- 
nine residues are involved. 

Detailed study of the mechanism of the inactivation is com- 
plicated by the multiplicity of reaction products that might be 
formed. It is necessary to control the experimental conditions 
and to isolate from the reaction mixture a single modified protein 
species that possesses little or no enzymatic activity. This aim 
seems to have been accomplished thus far only in the case of 
ribonuclease inactivated at pH 5.5. Judging from chromato- 
graphic behavior and amino acid analysis, the material in Peak 
B, Fig. 3a, consists of totally inactive ribonuclease that differs 
from the native enzyme only in that the imidazole group of a 
single histidine residue has been carboxymethylated in either 
the 1 or the 3 position. Two lines of evidence suggest that the 
reaction leading to inactivation involves a particular one of the 
four histidine residues in the molecule. In the first place, sub- 
stitution of histidine residues situated at different sites along 
the peptide chain might be expected to yield isomeric protein 
derivatives that would be separable chromatographically on IRC- 
50. This has not been found to be the case. Additional evi- 
dence in favor of substitution on one particular histidine residue 
is the unusual pH optimum for the reaction. Alkylation of an 
imidazole nitrogen normally proceeds fastest at an alkaline pH. 
This was found to be true in the present work when a-N-acetyl- 
histidine was allowed to react with iodoacetate. At pH 5.5 and 
40° the reaction took place to the extent of about 2 per cent in 
6 hours, whereas at pH 8.5, about 27 per cent reaction occurred 
in the same time. The reaction leading to the formation of 
imidazole carboxymethyl] ribonuclease, however, has a pH opti- 
mum in the region of pH 5.5to6. Apparently a histidine residue 
activated in a particular way is involved, or alternatively, an 
intramolecular transcarboxymethylation might occur via a sul- 
fonium salt of methionine. The general alkylating properties of 
sulfonium salts are well recognized. 

In order to be certain that the carboxymethylation of the 
imidazole group of a single histidine residue is alone sufficient to 
inactivate ribonuclease, it is necessary to establish that this is 
the only reaction that has occurred. Other possible reactions 
include the formation of labile derivatives such as sulfonium salts 
or even esters. The ability to react with carboxyl groups in 
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proteins has been shown to be a property of another vesicant 
alkylating agent, namely, mustard gas (22). A control experi- 
ment with a synthetic mixture of amino acids has shown that 
no detectable esterification takes place by iodoacetate in 40 
minutes at pH 8.5, and this includes the 8- and a-carboxyl groups 
of aspartic and glutamic acids. There is always the possibility, 
however, that some carboxyl groups in proteins may possess 
unique reactivity. 

The possibility that a histidine residue is essential for the 
catalytic activity of ribonuclease has been suggested before by 
Weil and Seibles (23) who showed that photoinactivation of the 
enzyme was accompanied by a decrease in the histidine content. 
While the present work was in progress, B. Weinberg and F. M. 
Richards (personal communication) independently observed a 
reaction of ribonuclease with iodoacetate which led to inactiva- 
tion, the formation of about one equivalent of iodide, and little 
or no liberation of protons. They also noted that inactivation 
proceeded more rapidly around pH 6 than at either pH 4 or at 
pH 8.5. Simultaneously, a study has been carried out by Stein 
and Barnard (24) who have found that ribonuclease is inacti- 
vated by bromoacetic acid and that colorimetric determination 
of histidine in the reaction mixture indicated that only one 
histidine residue per molecule had reacted when the enzymatic 
activity was 90 per cent inhibited. With the use of C'-labeled 
bromoacetic acid, the same authors (25) have significantly ex- 
tended their study and have demonstrated that the histidine 
residue which does react is the one nearest the carboxyl end of 
the chain (in peptide O-Chy 30 of Hirs et al. (26)). Establish- 
ment of the location of the histidine residue that has been sub- 
stituted by treatment with iodoacetate at pH 5.5, which very 
likely is the same one, is currently being studied by fractionation 
of enzymatic digests of the purified carboxymethy] ribonuclease. 

The fact that inactivation by iodoacetate can be brought about 
at pH 8.5 and pH 2.8 without a histidine residue being affected, 
may furnish an opportunity to learn which other amino acid 
residues form a part of the arrangement of residues needed for 
activity. It will be difficult to isolate a single pure modified 
protein from these reaction mixtures, however, since the number 
of products formed is greater. It is important to fractionate the 
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heterogeneous reaction mixtures so that conclusions can be based 
on the properties of purified protein derivatives, rather than on 
correlations between the total number of reacted groups in 4 
complex mixture and the decrease in enzymatic activity. If it 
becomes possible to establish the location of the histidine, me- 
thionine, and lysine residues that participate in the enzymatic 
activity of ribonuclease, much light will be shed not only on the 
mechanism of enzyme action, but also on the entire tertiary 
structure of the molecule, for there is an increasingly impressive 
body of evidence to suggest that distant areas of the single pep- 
tide chain must be brought into proper juxtaposition in order 
for enzyme action to take place (cf. (4) and (5)). 


SUMMARY 


Ribonuclease is inactivated by iodoacetate at 40°, the rate 
depending upon the pH at which the reaction is carried out. It 
is most rapid between pH 5.5 and 6, and at pH 2.8, less rapid at 
intermediate pH values and under more alkaline conditions (pH 
8.5 to 10). The variation in rate is a consequence of the faet 
that different types of amino acid residues in the ribonuclease 
molecule react with iodoacetate at the different pH values. 
Amino acid analyses showed that at pH 5.5 to 6, a histidine 
residue is involved, at pH 8.5 to pH 10 reaction occurs with the 
€-amino groups of lysine residues, whereas at pH 2.8, the thio- 
ether sulfur of one or more methionine residues is alkylated. 
After removal of iodoacetate, the various reaction mixtures were 
chromatographed on columns of IRC-50 in an attempt to isolate 
purified carboxymethylated derivatives. From the mixture 
present after reaction at pH 5.5, it was possible to isolate a 
chromatographically homogeneous protein that was totally in- 
active and differed from ribonuclease A only in that the imidaz- 
ole group of a single histidine residue had been carboxymethyl- 
ated. The fact that the pH optimum for the reaction leading 
to the formation of imidazole carboxymethyl ribonuclease is 
around pH 5.5 to 6, instead of at the more alkaline pH values 
observed for the alkylation of a-N-acetylhistidine, suggests that 
inactivation takes place as a result of substitution on a particular 
one of the four histidine residues present in ribonuclease. 
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lodoacetic acid and its amide have been widely used in protein 
chemistry as reagents for sulfhydryl groups. Although both 
ean be expected to undergo other reactions with proteins, for 
example, with the €-amino groups of lysine residues, the imidaz- 
ole groups of histidine residues, and the phenolic hydroxyls of 
tyrosine residues, these reactions are generally slower than is the 
one with sulfhydryl groups (1, 2), particularly at neutral or 
slightly acid pH. 

The reaction of iodoacetate with the sulfur of methionine resi- 
dues, however, although little mentioned in the literature that 
deals with the action of iodoacetate on proteins, might be ex- 
pected, on the basis of experience with other alkylating agents, 
to take place readily at neutral pH. For example, experiments 
carried out in the laboratory of Dr. Max Bergmann in 1942 to 
1944 (3) with bis(8-chloroethyl)sulfide (mustard gas), showed 
that the formation of the sulfonium salt of methionine proceeded 
more rapidly than did reaction of the alkylating agent with either 
the amino or the carboxyl groups of amino acids. Toennies and 
Kolb (4) in their detailed studies of the formation of various 
sulfonium salts of methionine, demonstrated that both iodoacetic 
and bromoacetic acids reacted with methionine at an appreciable 
rate. The present investigation was prompted by the observa- 
tion that when proteins that had been reduced with sodium 
borohydride were treated with iodoacetate to cover the —SH 
groups formed (5), quantitative analyses for methionine gave 
results that were occasionally slightly low. The recoveries of 
methionine were also sometimes low upon analysis of native 
ribonuclease that had been treated with iodoacetate under certain 
conditions (6). In order to ascertain whether sulfonium salt 
formation might have taken place, the chemistry of the reaction 
of iodoacetate with methionine has been examined in more de- 
tail. lon exchange chromatography has been used as a means 
of following the reaction. 

The ability to detect the alkylation of a methionine residue 
in a protein will depend in part upon the nature of the products 
that the resulting sulfonium salt yields when the protein is hy- 
drolyzed in preparation for amino acid analysis. The mecha- 
nism of the decomposition of sulfonium salts of methionine has 
been studied frequently in the past 10 years, as the methyl do- 
nating role of sulfonium compounds in mammalian and microbial 
metabolism has become known (du Vigneaud (7); Challenger 
(8)). Cantoni’s (9) establishment of the significance of S-adeno- 
syl-L-methionine in this connection has recently led to further 
study of its chemical and enzymatic decomposition by Parks and 
Schlenk (10), Shapiro and Mather (11), and Stekol et al. (12, 13). 
These studies, taken together with the earlier investigations of 
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the methylsulfonium salts by Lavine and Floyd (14, 16) and 
Lavine et al. (15), and of the sulfonium salt formed from methio- 
nine and mustard gas (3), permit formulation of the scheme given 
in Fig. 1, which shows the compounds to be expected upon de- 
composition of methionine carboxymethylsulfonium salt. The 
occurrence of each of the three possible cleavages shown in Fig. 1 
has been demonstrated by the chromatographic analyses de- 
scribed in the present report. It has been found that methionine 
itself is to some extent regenerated when the sulfonium salt is 
heated in strong acid, and this may account in part for the fact 
that examination of hydrolysates of proteins that have been 
treated with iodoacetate has not heretofore permitted the de- 
tection of sulfonium salt formation. 


EXPERIMENTAL 


Analytical Studies of Reaction of Methionine with Iodoacetate— 
Stock solutions were prepared to contain per ml., 6 mg. of me- 
thionine and 22 mg. of iodoacetic acid, respectively. Before 
being made up to volume, each solution was brought to pH 4 
with NaOH. For each analytical experiment, 0.5 ml. of the 
methionine solution, 1.0 ml. of the iodoacetic acid solution, and 
1.0 ml. of water were mixed, brought to the desired pH with n 
NaOH, and incubated at the indicated temperature in a pH-stat. 
After a predetermined time, 0.5 ml. of the reaction mixture was 
added to an equal volume of citrate buffer at pH 2.2 (ef. (17), 
Table I), and 0.5 ml. of the resulting mixture was immediately 
analyzed by ion exchange chromatography with the aid of auto- 
matic recording equipment, according to the procedure of Spack- 
man et al. (18). 

Preparation of Methioninecarboxrymethylsulfonium Iodide—To 
300 mg. of L-methionine in 25 ml. of water was added 1.0 gm. of 
iodoacetic acid. The mixture was kept at 40° for 24 hours, 
after which a 0.02 ml. sample was withdrawn for chromatographic 
analysis. The excess iodoacetic acid was removed by extraction 
with ether, samples were withdrawn for the experiments de- 
scribed below, and the remaining aqueous solution was lyoph- 
ilized. Before elementary analysis, the slightly yellow powder, 
which is very hygroscopic, was dried over P.O; in high vacuum 
for 3 hours at room temperature. 


(353.2) 
Caleulated: C 23.80, H 4.57, N 3.97, S 9.08 
Found: C 23.82, H 4.66, N 3.90, S 9.16 


Decomposition of Methioninecarborymethylsulfonium Todide— 
To study the decomposition of the sulfonium salt, 0.05 ml. ali- 
quots of the reaction mixture described above were added to 5 
ml. of citrate buffer at pH 2.2 and to 5 ml. of 0.2 m phosphate 
buffer at pH 6.5, and the resulting mixtures were heated at 100° 
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NH, CHNH, 
COOH COOH COOH 
S-Carboxymethy!- Carboxymethy!- Methionine 


sulfonium 
salt of methionine 


Fig. 1. Products of the decomposition of the methioninecar- 
boxymethylsulfonium salt. 


homocysteine 


for 1 hour. Aliquots (2 ml.) from each reaction mixture were 
analyzed chromatographically. A larger sample (0.25 ml.) of 
the sulfonium salt solution was also heated with 6 n HCl (1.0 
ml. for 1 hour and for 20 hours) in order to determine the nature 
of the products that might be formed during hydrolysis of a 
protein that had been treated with iodoacetate. 

Oxidation of Methioninecarborymethylsulfonium Iodide—The 
sulfonium salt (about 5 mg.) was dissolved in 10 ml. of performic 
acid and oxidized by the procedure of Schram et al. (19), except 
that the performic acid was removed by two lyophilizations on 
the rotary evaporator instead of at a bath temperature of 40°. 
The residue was dissolved in citrate buffer at pH 2.2 and chro- 
matographed. 


RESULTS 


Formation of Methioninecarboxrymethylsulfonium Iodide—W hen 
the solution present after methionine and iodoacetate have been 
allowed to react at 40° for 24 hours is chromatographed on a 
sulfonated polystyrene resin, the effluent curve shown in Fig. 
2a is obtained. Only the merest trace of methionine remains, 
but two new peaks appear close together at a point just ahead 
of the position assumed by aspartic acid, and a third minor peak 
is noted just ahead of the position at which glutamic acid nor- 
mally emerges. That the two major peaks are attributable to 
the stereoisomeric L-methionine-d- and -l-carboxymethylsulfo- 
nium salts is proved by the preparation from the reaction mix- 
ture of material possessing the analytical composition of the pure 
sulfonium iodide, as given above, and by the behavior of the 
reaction product upon heating, which is described below. The 
third peak, representing about 2 per cent of the total ninhydrin 
positive material, is almost certainly homoserine, which has been 
identified as a decomposition product of the sulfonium salt (cf. 
next section). The recovery of the sulfonium salt from chro- 
matograms of the type shown in Fig. 2 is usually about 75 to 80 
per cent. Because of the lability of the sulfonium salt, discussed 
below, some decomposition during chromatography at 50° is to 
be expected. 

The extent of the reaction of iodoacetate with methionine 
under various conditions has been followed by chromatograms 
of the type shown in Fig. 2. It has been found that the rate 
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of the reaction is not pH-dependent. Thus, after 2 hours of 
reaction at 40°, between 70 and 75 per cent of the theoretical 
quantity of sulfonium salts is formed at pH 4, 5.5, 7.0, and 8.5, 
At 25°, as might be anticipated, the rate is slower, the extent of 
sulfonium salt formation being about 5 per cent in 20 minutes 
at pH 8.5, about 30 per cent in 120 minutes, and about 70 per 
cent in 340 minutes. At 10° and pH 8.5, only 10 per cent con- 
version to the sulfonium salt occurs in two hours. 

Decomposition of Methioninecarborymethylsulfonium Iodide— 
When the sulfonium salt is boiled in water for 1 hour, 0.87 equiva- 
lent of acid is liberated, which is characteristic of the behavior of 
other sulfonium salts (3). To investigate the nature of the prod- 
ucts formed when the sulfonium iodide is heated, chromatog- 
raphy on IR-120 has been used. Effluent curves obtained after 
heating the salt at 100° for 1 hour at pH 6.5 and at pH 2.2 are 
shown in Figs. 2b and c. At both of these pH values cleavage 
leads almost quantitatively to the formation of homoserine and 
its lactone. The position of the peak at about 160 ml. on the 
long column, which is just ahead of the position of elution of 
glutamic acid, is the same as that of an authentic sample of 
homoserine. Homoserine is formed to a lesser extent at pH 2.2 
than at pH 6.5, and along with this diminution in yield, there is 
an increase in the quantity of the compound possessing the ex- 
pected chromatographic behavior of homoserine lactone. This 
basic compound emerges from the 15-cm. column just after 
ammonia at exactly the position assumed by the substance 
formed when homoserine is heated at pH 2.2, conditions known 
to cause lactonization. 

The sulfonium salt decomposes in a different manner, however, 
when heated in strong acid. The mixture of products formed 
upon hydrolysis for 24 hours under the conditions used for pro- 
tein hydrolysis is shown in Fig. 2d. Only small quantities (about 
5 per cent) of homoserine, or its lactone (about 6 per cent) are 
formed. Methionine is regenerated to the extent of 20 per cent 
by the acid treatment. There is also another major peak (in 
about 50 per cent yield) which appears just after the proline 
position on the long column. This peak, which is also seen in 
trace amounts in the chromatograms shown in Figs. 26 and c, 
emerges at exactly the same position as a synthetic (21) sample 
of S-carboxymethylhomocysteine. Moreover, a compound with 
exactly this chromatographic behavior is one of the two major 
products that can be detected after iodoacetate is allowed to 
react with homocysteine thiolactone in the presence of sodium 
borohydride (5) at pH 10. The other product is homocystine, 
a trace of which (2 per cent) may also be seen in Fig. 2d. The 
sulfonium salt is more stable in 6 n HCl than in buffers at pH 
2.2 or 6.5, since after 1 hour of heating in strong acid, about 60 
per cent of the sulfonium salt remains unchanged. 

Oxidation of Methioninecarborymethylsulfonium Iodide—When 
the sulfonium salt was oxidized for 4 hours with performic acid 
at 4° (19) and excess performic acid was removed by two lyoph- 
ilizations on the rotary evaporator, chromatography showed that 
about 85 per cent of the sulfonium iodide had been recovered 
unchanged. When reaction was allowed to proceed for 20 hours, 
the recovery was 65 per cent. 


DISCUSSION 


From the evidence presented in this communication it can be 
concluded that whenever proteins are allowed to react with 
iodoacetate, formation of the carboxymethylsulfonium derivative 
of methionine is an ever present possibility. When exclusive 
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Fig. 2. Chromatographic analyses of preparations of methioninecarboxymethylsulfonium salts and the products formed upon heat- 


ing the aqueous solutions at different pH values. 
automatic recording equipment (18). 
40°. 


The chromatography was performed with columns of Amberlite IR-120 (20) with 
(a) The sulfonium salts obtained by treating L-methionine with iodoacetic acid for 24 hours at 
(b) Products formed when the sulfonium sult analyzed above was heated for 1 hour at 100° in 0.2 Mm phosphate buffer at pH 6.5. 


(c) Products formed when the sulfonium salt was heated for 1 hour at 100° in 0.2 N citrate buffer at pH 2.2. The ammonia is in part. 


a contaminant picked up from the air by the acid solution during the heating period. 
was heated for 20 hours in 6 N HCl, at 110°, under the conditions used for the hydrolysis of proteins. 


part from the ammonia in the HCl. 


coverage of sulfhydryl groups is desired, therefore, it is important 
to limit the time in which the protein and iodoacetate are in 
contact to the minimum that measurement shows is necessary 
to effect complete coverage of the sulfhydryl groups. If this 
period is of the order of 20 minutes, as it is when borohydride- 
reduced proteins are allowed to react with iodoacetate (5), the 


(d) Products formed when the sulfonium salt 
The ammonia peak arises in 


extent of the reaction with methionine is usually insignificant. 
With the longer times necessary to cover sulfhydryl groups that 
are sluggish, side reactions with methionine, and possibly other 
groups as well, are inevitable. Since the extent of the reaction 
with methionine is independent of pH in the range pH 4 to 8, 
this side reaction, unlike the ones with amino, imidazole, and 
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phenolic groups, cannot be minimized by working at mildly acid 
pH values. This fact, which doubtless can be troublesome in 
some cases, may prove to be an advantage in others. It may be 
possible to use iodoacetate as a reagent to alter specifically the 
methionine residues in proteins by allowing the reaction to take 
place in the range pH 2 to 5, particularly if sulfhydryl groups are 
absent. Studies are in progress (6) to determine whether ri- 
bonuclease can be inactivated by the use of this reaction to 
convert the methionine residues in the protein to sulfonium 
salts. 

The instability of sulfonium salts makes it difficult to determine 
the extent to which the methionine residues in proteins have 
reacted. Hydrolysis with acid decomposes the sulfonium salt 
completely with the regeneration of some methionine and the 
formation of S-carboxymethylhomocysteine and homoserine (and 
its lactone). The presence of small peaks attributable to these 
latter substances in chromatograms of hydrolysates of iodoace- 
tate-treated proteins may be taken as a sure indication that 
reaction with methionine residues has occurred. The size of 
these peaks, however, cannot be used to determine the extent of 
the reaction, because the sulfonium salt bound in peptide linkage 
may decompose differently on heating than does the sulfonium 
salt of free methionine. For example, when ribonuclease is 
allowed to react with iodoacetate at pH 2.8, under conditions 
promoting combination with methionine residues exclusively (6), 
and the product is heated at pH 3 for 1 hour, hydrolyzed, and 
analyzed, methionine, homoserine (and its lactone), and S-car- 
boxymethylhomocysteine are all found in the hydrolysate. The 
sulfonium salt of free methionine treated in this manner would be 
desulfurized completely, yielding homoserine (and its lactone) 
as the only product. Thus, the possibility that the methionine 
residues in a protein might be quantitatively desulfurized by this 
reaction has not yet materialized because of the observed differ- 
ence in the behavior of the sulfonium salt of free methionine and 
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the corresponding structure in the protein molecule. The differ- 
ent reactivity of the residues in proteins is also evidenced by the 
pH dependence of the reaction (6). While the rate of formation 
of the sulfonium salt of free methionine is relatively independent 
of pH, methionine residues in ribonuclease undergo the alkyla- 
tion readily at pH 2.8 and 40° but at less than one-twentieth this 
rate at pH 8.5. 


SUMMARY 


In order to understand more fully the nature of the products 
that may be formed when iodoacetate reacts with a protein, the 
reaction of this alkylating reagent with methionine has been 
studied. lon exchange chromatography has been used to follow 
the reaction. It has been found that the formation of the car- 
boxymethylsulfonium salt of methionine proceeds at a rapid rate 
and with equal facility throughout the range pH 2 to pH 8.5. 
In fact, at neutral pH, only the familiar alkylation of sulf- 
hydryl groups is faster, and hence it is necessary to take into 
account the possibility of reaction with the sulfur atoms of a 
methionine residue whenever proteins and iodoacetate are al- 
lowed to interact for any appreciable length of time. The 
carboxymethylmethioninesulfonium salt has been synthesized, 
and the mechanism of its decomposition has been investigated. 
After heating the salt at 100° for 1 hour at pH 2.2 or 6.5, homo- 
serine and its lactone are formed almost quantitatively. When 
the sulfonium salt is heated in 6 N HCl, however, methionine is 
regenerated, and a large amount of S-carboxymethylhomocys- 
teine is also formed. The instability of the sulfonium salt makes 
it difficult to determine the extent to which the methionine resi- 
dues in proteins have reacted. Because alkylation of methio- 
nine occurs at mildly acid pH values, it may be possible to use 
iodoacetate as a reagent to alter specifically the methionine 
residues in proteins, particularly if sulfhydryl groups are absent. 
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An Alanine-dependent, Ribonuclease-inhibited Conversion of 
Adenosine 5'-Phosphate to Adenosine Triphosphate 


Il. RECONSTRUCTION OF THE SYSTEM FROM PURIFIED COMPONENTS 
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From the United States Plant, Soil and Nutrition Laboratory, Agricultural Research Service and Cornell 
University, Ithaca, New York 


(Received for publication, January 26, 1959) 


As a result of studies of cell-free preparations (1-8), the first 
step in the synthesis of protein has been formulated as an activa- 
tion of amino acids according to Equation 1. In 1956, with the 
discovery of an alanine-dependent, ribonuclease-inhibited con- 
version of AMP to ATP, it was postulated (9, 10) that the second 
step in protein synthesis might involve RNase-sensitive material 
and might be formulated according to Equation 2. 


Enzyme + Amino acid + ATP 
= Enzyme-Amino acyl-AMP + Pyrophosphate (1) 
Enzyme-Amino acyl-AMP + X 


= Enzyme + Amino acyl-X + AMP (2) 


Following this report, which suggested that RNA present in the 
“soluble” fraction of tissue homogenates might be the initial 
acceptor of activated amino acids, Hoagland et al. (11, 12) re- 
examined the “pH 5 enzymes”? of rat liver, and obtained evi- 
dence for the formation of amino acy] derivatives of RNA present 
in this fraction. Ogata and Nohara (13) reported similar find- 
ings independently. Already, the literature on this subject is 
extensive (14-25). It is now well established that activated 
amino acids are transferred enzymatically to “soluble” fraction 
RNA, although it remains only a working hypothesis that this 
reaction is the second step in normal protein synthesis. 

The present paper describes further studies of the alanine- 
dependent, RNase-inhibited AMP-incorporation system, in 
which it is shown that this system can be reconstructed from 
purified alanine-activating enzyme and RNA isolated from the 


original system. 


EXPERIMENTAL 


Preparation of Enzyme System from Rat Liver—Small prepara- 
tions were carried out as previously described (9, 10). Large 
preparations, starting with approximately 110 gm. of rat liver, 
were carried out in the same way, except that the homogenate 
was centrifuged for 75 minutes at 30,000 r.p.m. (78,000 x g, 
average) in the No. 30 head of the Spinco model L preparative 
ultracentrifuge. As indicated previously (9, 10), the prepara- 


‘The expression ‘‘pH 5 enzymes”’ refers to the solution which 
is obtained after resuspension, at pH 7.5, of the material precip- 
itated at approximately pH 5 from the ‘“‘soluble”’ fraction of a 
tissue homogenate (see (1-3)). 


tion can be stored for a few weeks at — 20° without loss of activ- 
ity after the first precipitation at pH 5. 

RNase-treated Enzyme—The frozen solution of once-precip- 
itated pH 5 enzymes was thawed, and to it was added 0.01 of 
its volume of a solution of 0.05 mg. of RNase per ml. The mix- 
ture was incubated at 25° for 5 minutes, and then was cooled 
and the pH adjusted to 5.2 with cold 0.1 N hydrochloric acid. 
The precipitate was isolated by centrifugation at 10,000 x g for 
5 minutes, and was resuspended in one-quarter of the original 
volume of cold 0.1 m Tris? buffer, pH 7.5. After centrifugation 
for 5 minutes at 16,000 x g, the supernatant solution was ready 
for use. It was stored in ice, and gradually lost its activity over 
approximately 1 week. 

Isolation of RNA from Enzyme System—The frozen solution 
of once-precipitated pH 5 enzymes was thawed and reprecipi- 
tated at pH5.15. The precipitate was isolated by centrifugation 
for 5 minutes at 10,000 * g and was resuspended in one-third 
of the original volume of cold 0.1 m Tris buffer, pH 7.5. The 
supernatant, after centrifugation for 5 minutes at 16,000 x g 
was mixed thoroughly at 5° with an equal volume of water-satu- 
rated, redistilled phenol. Mixing was continued frequently for 
1 to 2 hours and the layers were separated after centrifugation. 
Extraction with phenol was repeated two or three more times, 
until the aqueous layer was clear, and the aqueous layer was then 
extracted with ether to remove phenol. The final aqueous solu- 
tion was mixed with three volumes of cold 95 per cent ethanol. 
After standing overnight in a refrigerator, the precipitated RNA 
was collected by centrifugation, washed with 80 per cent ethanol 
and 95 per cent ethanol, and dried in a vacuum. The yield of 
white powder was approximately 0.25 mg. per gm. of fresh rat 
liver. 

No loss of activity has been noted during storage of the RNA 
for several months at 4°. Hydrolysis with alkali gives a mixture 
of the expected 2’- and 3’-nucleotides. The ultraviolet absorp- 
tion spectrum of the RNA, at pH 7.5, shows a maximum at 260 
my (EF, 1 per cent, | em. = 160) with a ratio of 260 mu:280 my 
absorption of 2.0, and a ratio of 260 mu:230 mu absorption of 
2.2. 

Purification of Alanine-activating Enzyme by Chromatography 


? The abbreviations used are: Tris, tris(hydroxymethy])amino- 
methane; DEAE-cellulose, diethylaminoethyl-cellulose. 
3’ Procedure patterned after Gierer and Schramm (27). 
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on DEAE-cellulose—Approximately 150 ml. of frozen once-pre- 
cipitated pH 5 enzymes, from a preparation starting with 110 gm. 
of rat liver, were thawed and reprecipitated at pH 4.8 or 4.5 at 
0°. After centrifugation for 5 minutes at 10,000 x g in the 
cold, the pellets were resuspended in a total of 40 ml. of cold 
0.08 m sodium phosphate buffer, pH 6.8. The resulting mixture 
was centrifuged for 5 minutes at 16,000 x g, and the supernatant 
solution was diluted with 40 ml. of cold redistilled water. Ina 
cold room, this solution was added to a column of 2 gm. of DEAE- 
cellulose (26) previously equilibrated with 0.04 m phosphate 
buffer, pH 6.8. (Eastman DEAE-cellulose was washed with 
buffer 3 times by suspension and centrifugation, and was allowed 
to stand in buffer two hours. It was packed in a column 16 mm. 
in diameter and was equilibrated with buffer 2 hours in the cold 
room before use.) The enzyme solution was allowed to flow 
through the column at atmospheric pressure (flow rate, approxi- 
mately 40 ml. per hour). After adsorption of the enzyme on the 
column, the column was washed with approximately 400 ml. of 
0.04 m sodium phosphate buffer, pH 6.8, until the optical density 
of the effluent was less than 0.02 at 280 my. The alanine-acti- 
vating enzyme was then eluted with 0.055 m sodium phosphate 
buffer, pH 6.8. The effluent from the column was collected in 
fractions and, after assay for alanine-activating enzyme, the most 
active fractions were combined and stored in ice. Ordinarily 
the first 10 ml. of effluent, after addition of the 0.055 m phosphate 
buffer, contained little activity and were discarded. 

In a typical experiment, the purified enzyme was obtained in 
60 ml. containing 0.03 mg. of protein per ml., with a specific 
activity of 35 umoles of pyrophosphate exchanged per mg. of 
protein per hour. The 75 ml. of enzyme solution placed on the 
DEAE-cellulose column contained 3 mg. of protein per ml., with 
a specific activity of 0.9 umoles of pyrophosphate exchanged per 
mg. of protein per hour, and this solution had been prepared 
from 150 ml. of pH 5 enzymes containing 5 mg. of protein per ml., 
with a specific activity of 0.6 umoles of pyrophosphate exchanged 
per mg. of protein per hour. Since the alanine-activating enzyme 
in the original supernatant solution of rat liver homogenate 
(250 ml., 28 mg. of protein per ml.) had a specific activity of ap- 
proximately 0.07 umoles of pyrophosphate exchanged per mg. of 
protein per hour (assayed after brief dialysis in the presence of 


TABLe I 
Combination of ‘‘trypsin-treated”’ and ‘‘RNase-treated” 
preparations 
Radioactivity in 
Components* 
+Ala —Ala 
Untreated AMP-incorporation system... ... 155 
After trypsin treatmentft..................| 102 | 99 
After RNase treatment]................... | 127 133 
Trypsin-treated + RNase-treated.......... 189§ 129 


* Assay procedure as previously described (9, 10), using 0.25 
ml. of each preparation. 

t Original system incubated 5 minutes at 25° with 0.07 mg. per 
ml. of trypsin, and then 2 hours at 10° with 5 wmoles of isopropyl 
phosphorofluoridate. 

t RNase treatment as described under Experimental. 

§ Although the observed increase in incorporation due to the 
presence of alanine was small, it was reproducible. 
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isopropyl phosphorofluoridate), the over-all purification was 
approximately 500-fold, with approximately 10 per cent of the 
activity recovered. 

The purified alanine-activating enzyme is very unstable. Ap- 
proximately one-half of its activity is lost during storage for 3 
days at 0°. Freezing and thawing the solution results in the 
immediate loss of one-half of the activity. The lyophilized en- 
zyme is stable at least 6 weeks, although one-half of the enzy- 
matic activity is lost during lyophilization. Thus far it has not 
been possible to dialyze a solution of the purified enzyme without 
loss of most of its activity. The enzyme is inhibited by p-chloro- 
mercuribenzoate, and it is sensitive to oxidation by air. Sulf- 
hydryl compounds give little protection. During inactivation of 
the enzyme in these various ways, activity is lost for both alanine- 
dependent pyrophosphate exchange and AMP incorporation. 

Assays of successive fractions of the 0.055 m eluate showed the 
same peak of activity for alanine-dependent pyrophosphate ex- 
change and AMP incorporation: (figures are counts per minute 
in ATP, blank values subtracted; pyrophosphate exchange (reg- 
ular type), AMP incorporation (italics)) 30, 16; 375, 340; 370, 
310; 270, 205; 145, 115; 80, 45. 

Recovery of RNA from DEAE-cellulose Column—After com- 
pletion of the enzyme fractionation described above, the DEAE- 
cellulose column was washed with 75 ml. of 0.1 m Tris buffer, 
pH 7.5, to remove sodium phosphate and additional protein, and 
then the RNA was eluted with 40 ml. of 1 N sodium chloride 
solution in 0.25 m Tris buffer, pH 7.5. The sodium chloride 
solution was treated with phenol, as in the above preparation of 
RNA, and the RNA was precipitated with ethanol. The yield 
of off-white colored powder was approximately 15 mg. from the 
above DEAE-cellulose column. Although the yield of RNA is 
lower in this procedure, the RNA is obtained as a by-product of 
the alanine-activating enzyme, and recent preparations have been 
made in this way. No difference in properties has been observed, 
except that the RNA prepared from the column is slightly more 
active at high concentrations, suggesting that there may be an 
enzyme inhibitor present in the RNA prepared directly from the 
pH 5 enzymes. Results such as those shown in Tables IT, III 
and IV have been obtained with each RNA. 

Modified AMP Exchange Assay Procedure—(The presence of 
phosphate leads to high blank values in the previously described 
assay procedure (9, 10), presumably because of adsorption of 
radioactive AMP on barium phosphate which precipitates with 
the Ba,ATP. Therefore, the assay procedure was modified for 
use with the purified enzyme which is obtained in phosphate 
buffer.) The incubation mixture contained 25 yumoles of Tris 
buffer, pH 7.5; 5 umoles of MgCl.; 2 wmoles of L-alanine; 2.5 
umoles of potassium ATP, pH 7; 2.5 umoles of sodium pvrophos- 
phate, pH 7.5; 5 umoles of potassium fluoride; 0.4 umoles of 
AMP-8-C™ containing approximately 20,000 ¢.p.m.; varying 
amounts of RNA; water to make 0.5 ml.; and 0.5 ml. of purified 
alanine-activating enzyme in 0.055 m sodium phosphate buffer, 
pH 6.8. Incubation was at 37° for 20 minutes. The tubes 
were cooled in ice, and to each was added 4 ml. of 0.01 N hydro- 
chlorie acid. Each acidified mixture was then added to a 1-cm. 
high by 0.5-cm. diameter column of Dowex 1-chloride, previously 
equilibrated with 0.01 w hydrochloric acid.4 The columns were 
washed with 15 to 20 ml. of 0.02 n sodium chloride in 0.01 N 
hydrochloric acid. The ATP was eluted from the columns by 


4 Procedure patterned after Cohn and Carter (28). 
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§ ml. of 0.5 w sodium chloride in 0.01 n hydrochloric acid, and 
the eluates were collected in 12-ml. centrifuge tubes containing 
0.2 ml. of 0.05 m potassium ATP solution. To each eluate was 
added, with mixing, 0.50 ml. of 0.5 m Tris buffer, pH 9.0, and 
1.0 ml. of 1 m barium acetate solution. The mixtures were left 
in a refrigerator 30 minutes or longer, and then were centrifuged. 
The barium ATP precipitates were washed once, by resuspension 
and centrifugation, with 1 ml. of 0.1 per cent barium acetate, 
and then were transferred to planchets (9, 10) for counting. 

Assay Results—Because of the instability of the purified en- 
zyme and the variation in activity of different preparations, the 
actual counts per minute found in the Ba,ATP differed in differ- 
ent experiments. The observed values shown in Tables I to IV 
are representative of several experiments in each case, and are 
comparable within a given table, but the specific values should 
be considered somewhat arbitrary. 


RESULTS AND DISCUSSION 


Experiments leading to the reconstruction of the AMP-incor- 
poration system from purified components are summarized in 
Tables I, II, and III. In early experiments, shown in Table I 
the AMP-incorporation system was reconstructed from trypsin- 
treated and RNase-treated solutions. According to the formu- 
lation of the reaction in Equations 1 and 2, with X = RNA, 
these solutions should each contain one of the components re- 
quired for the AMP-incorporation reaction, (a) the active RNA 
in the trypsin-treated solution, and (6) the enzyme in the RNase- 
treated solution. However, each component would be present 
in a complex mixture, and purification of the two components 
was desired. 

The success of Gierer and Schramm (27) in isolating infective 
RNA from tobacco mosaic virus suggested that active RNA 
might be isolated from the AMP-incorporation system by phenol 
treatment. Therefore, the RNA fraction was isolated in this 
way and, as shown in Table II, combination of the isolated RNA 
with ““RNase-treated enzyme” gives an active alanine-dependent 
AMP-incorporation system. | 

The RNase-treated enzyme used in the AMP-incorporation 
experiments in Table II catalyzes side reactions with the radio- 
active AMP. Chromatography, on Dowex 1 (28), of the prod- 
ucts of the reaction in the absence of alanine indicated that most 
of the radioactive AMP is converted to IMP, with smaller 
amounts of ATP, ADP, and adenosine also formed. The for- 
mation of ATP, presumably by adenylic kinase, leads to high 
blank values. Obviously, the AMP-incorporation system would 
be greatly improved if the RNase-treated enzyme could be re- 
placed by purified alanine-activating enzyme. 


II 
Combination of isolated RNA and ‘‘RNase-treated’’ enzyme 


Radioactivity in Bas ATP 


Components*® 
+Ala | —Ala 
c.p.m | c.p.m. 
6 | 4 
RNase-treated enzyme alone... 70 | 71 
RNase-treated enzyme + RNA... 215 | 71 


* Assay procedure as previously described (9, 10), using 0.2 mg. 
of RNA and 0.10 ml. of RNase-treated enzyme. 
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III 


Combination of purified alanine-activating enzyme 
and isolated RNA 


| Radioactivity in BasATP 


Components* 
+Ala —Ala 
c.p.m. c.p.m 
Purified enzyme alone........... 4 3 
Purified enzyme + RNA.......... 700 5 
Purified enzyme + RNA + RNase. 2 1 


* Modified assay procedure, described under Experimental: 0.5 
ml. of enzyme, 0.1 mg. of RNA, and 1 ug. of RNase used where 
indicated. 


TaBLe IV 
Use of reconstructed AM P-incorporation system as an assay for the 
active material present in the isolated ‘‘soluble’’ fraction RNA* 


Amount of RNA added, ug. ees in 

c.p.m. 

None 3 
2 37 

5 103 
20 340 
50 600 
100 715 
150 740 
100, after 15 min. at 100° at pH 7.5 530 
100, after 5 min. at 100° in 0.005 nN HCl 5 
100, after 5 min. at 100° in 0.005 n KOH 6 


* Modified assay procedure, described under Experimental. 


By chromatography on DEAE-cellulose, using techniques sim- 
ilar to those of Sober, et al. (26), an additional 30- to 50-fold 
purification of the alanine-activating enzyme has been obtained. 
This purified enzyme is now free of interfering enzymes, since 
incubation with radioactive AMP in the absence of RNA gives 
unchanged AMP. With RNA added, a very active alanine- 
dependent, RNase-sensitive AMP-incorporation system is pro- 
duced (Table ITI). 

The response of the purified enzyme to varying amounts of 
“soluble” fraction RNA is shown in Table [V. Table IV also 
presents data on the heat stability of the active RNA. 

It is of interest that combination of the purified alanine-acti- 
vating enzyme, described in this paper, with Escherichia coli RNA 
kindly furnished by Dr. Paul Berg, also gives a very active ala- 
nine-dependent AMP-incorporation system. 

The successful reconstruction of the alanine-dependent AMP- 
incorporation system from purified components is in agreement 
with the formulation of the reaction of activated amino acids 
originally proposed (9, 10), a formulation that is now generally 
accepted (11, 12, 14-22).5 Of particular interest for future work, 


5’ Consideration of available data indicates that the rate of 
AMP incorporation into ATP dependent on other amino acid- 
activating enzymes and “‘soluble’’ fraction RNA is less than it is 
with alanine, perhaps because the rate of Reaction 2 is greater 
with alanine. Such a difference in rate would explain the ease of 
detection of alanine activity in the original crude system. 
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the reconstructed AMP-incorporation system furnishes a very 
sensitive assay procedure which may be useful in the isolation of 
the active material present in “soluble” fraction RNA. 


SUMMARY 


The alanine-dependent, ribonuclease-sensitive adenosine 5’- 
monophosphate-incorporation system, which directed attention 
to the possible interaction of activated amino acids with “‘soluble”’ 
fraction ribonucleic acid (RNA), has been reconstructed from 
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500-fold purified alanine-activating enzyme and RNA isolated 
from the original crude system. Using the purified alanine- 
activating enzyme, present procedures furnish an assay method 
which is sensitive to microgram quantities of the RNA. 
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The enzymatic synthesis of urea in the livers of mammals 
(1-16), amphibians (16-18),! and chelonian reptiles (16, 17)! 
proceeds according to the following sequential reactions: 


phosphate 


synthetase (1) 
tyl glut te 
Ammonia + bicarbonate + 2 ATP 
Mg** 
carbamy! phosphate + 2ADP + 
arbamyl phosphate + ornithine (2) 


citrulline + P; 


condensing 


Citrulline + aspartate + ATP 
enzyme 


(Mg*+) (3) 
argininosuccinate + AMP + PP, 


cleavage enzyme 
Argininosuccinate > (4) 


arginine + fumarate 


Arginine + H.O + + urea + ornithine (5) 


Elucidation of the various enzymatic reactions of the Krebs- 
Henseleit ornithine-urea cycle (1) stems from several laboratories 
(1-13), whose primary aims were the isolation, purification, and 
study of the requirements and mechanism of action of the several 
enzymes. 

The present study was undertaken to provide a systematic 
scheme of analysis for the quantitative determination of the 
levels of these enzymes in the livers of ureotelic animals. Pri- 
marily, the procedures were established to be used in connection 
with a study of levels of these enzymes in cell-free extracts pre- 
pared from the livers of metamorphosing tadpoles (18). The 
procedures have lent themselves more broadly to comparative 
studies on the occurrence and levels of these enzymes in mam- 


* This study was supported in part by grants from the National 
Science Foundation, the National Institutes of Health, and the 
Wisconsin Alumni Research Foundation. 

+t Fellow of the Wisconsin Alumni Research Foundation. 

1G. W. Brown, Jr., and P. P. Cohen (unpublished observations). 

2 The abbreviations used are: P;, inorganic orthophosphate; 
PP;, pyrophosphate; CTB, cetyltrimethylammonium bromide 
(kastman Kodak Company, Rochester, New York). 


mals, various amphibians, and turtles.'_ Preliminary reports 
appear elsewhere (19, 20). 

The enzymes catalyzing the above five reactions were assayed 
in cell-free extracts of liver prepared with the aid of the detergent, 
CTB. It has been possible to establish the levels of these en- 
zymes in extracts prepared from the liver of an individual Rana 


catesbeiana tadpole (18). 


EXPERIMENTAL 


Materials—With the exception of carbamyl phosphate, orni- 
thine transcarbamylase, and argininosuccinate, commercial 
reagents were employed. Argininosuccinate (21) was a gift from 
Dr. Sarah Ratner, Public Health Research Institute of City of 
New York. R. catesbeiana tadpoles and frogs were obtained 
either from the Lemberger Company, or from the Carolina Bio- 
logical Supply Company. A discussion of the maintenance of 
these tadpoles and classification according to stage of develop- 
ment is given in a subsequent paper of the series (18). 

Preparation of Homogenate and Extracts—Freshly excised liver 
is gently blotted on filter paper, weighed, and homogenized in a 
0.1 per cent solution of CTB in the ratio, 1.0 gm. of liver to 9.0 
ml. of CTB. The CTB solution is added at room temperature 
to the minced liver placed in the receiver of an all glass homog- 
enizer (22). Homogenation is effected by hand while the homog- 
enizer is immersed in an ice bucket. The CTB solution should 
not be chilled before use because of its insolubility at low temper- 
atures. No more than 20 excursions of the plunger are required 
with the use of a properly fitted ball-type plunger. The homog- 
enate is transferred to a chilled plastic tube and is centrifuged 
for 15 minutes at 4000 x g at 5°. 

The supernatant solution (S,) is decanted into a chilled tube 
and kepton ice. If considerable fat is present at this stage, the 
supernatant solution is filtered through a plug of glass wool. The 
pellet (R,) is rehomogenized with a volume of CTB solution 


equivalent to that employed in the original homogenation, cen- 


trifuged as before, and the supernatant solution (S,.) decanted 
into a second tube (see flow sheet, Fig. 1). 

The condensing and cleavage enzymes involving arginino- 
succinate are assayed on aliquots of S;. Negligible amounts of 
these enzymes are present in S; as shown in Table I. Carbamyl 
phosphate synthetase, ornithine transcarbamylase, and arginase 
are assayed on aliquots of a mixture of equal parts, by volume, 
of S,; and S». Negligible activity for these enzymes resides in a 
subsequent supernatant solution (S;) as shown in Table I. Ac- 
tive preparations! were obtained with livers of rats, mice, bats, 
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frogs, toads, tadpoles, salamanders, mud puppies (Necturus sp.), 
various newts, the painted turtle, Chrysemys picta, and with the 
amphibious “Congo eel,’”’ Amphiuma means. 

Aliquots for Assay—Aliquots are selected such that initial rates 
are approximated as nearly as possible, yet providing sufficient 
product to fall in a convenient range for spectrophotometric meas- 
urement. Suitable aliquots of adult frog liver extracts and 
approximate units of enzyme activity for the assay procedures 
described below are given in Table IT. 

Enzyme Units—A unit of enzyme is that amount which cata- 
lyzes the production of 1 zmole of product per hour under assay 
conditions. Specific activity is defined as units per mg. of pro- 
tein. Protein is determined by the procedure of Lowry et al. 
(23); the protein reference curve is that for egg albumin. 

Incubation and Color Development—aAll incubations are carried 
out in final volumes of 1 or 2 ml. in 12-ml., thick walled, conical 
centrifuge tubes. ‘Tubes are incubated unstoppered at 38° with- 
out shaking. Reactions are stopped with 5.0 ml. of 0.5 m HCIO,, 
and any precipitated protein is removed by centrifugation. The 
presence of protein in aliquots taken for color development may 
lead to spurious color, invalidating the assays. The clear super- 
natant solutions are analyzed for either citrulline or urea accord- 
ing to the method of Archibald (24) as modified by Ratner (25). 
Colored products between citrulline and diacetyl monoxime (490 
my absorption) and between urea and 1-phenyl-1 ,2-propane- 
dione-2-oxime (540 my absorption) are formed. Optical den- 
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Fic. 1. Flow sheet for preparation of liver extracts for enzyme 
assay. 
TABLE I 
Effectiveness of CTB extraction 
Liver homogenized in 0.1 per cent cetyltrimethylammonium 


bromide (CTB), centrifuged, the supernatant solution decanted, 
and pellet rehomogenized in CTB. 


Enzyme super- 
natant 
ist | 2nd | 3rd solution 
| | % 
phosphate synthetase... 236 2.5) 1.0 
(Stage XX tadpole)............ (combined) | 
Ornithine transcarbamylase....... | 2760 | 92 3.2 
(Stage XX tadpole)............ (combined) 
Arginase (Stage XII tadpole)... . 1440 35 138 
Arginine synthetase system | 
29.6 | 1.2 3.9 
Cleavage enzyme (adult frog)... .. 498t 7.9 


* Successive extracts. 
+t By difference (combined extract — 2nd extract). 
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TaBLeE II 
Suggested aliquots for assay 
Based on liver of frog, Rana catesbeiana. 


Elz — 
Ap a |  |Volume 
Enzyme Extract “vole | | | per em. 
units | UME 4 es assay 
a” weight 
mi, | ml. min.| mil. ml. 
Carbamyl] phosphate | | 
synthetase......... 0.05* 2.5 1.0 15! 6.0 |4 or 5 1,000 
Ornithine’ transcar- | 
bamylase.......... 0.2* | 6 1 (12,000 
(1:20) 
Arginine synthetase 
0.4¢ 2 1.0 60 | 6.0 |4 or 5 50 
Cleavage enzyme..... 0.05¢ | 2.5 1.0; 15 | 6.0/4 or 5) 500 
Arginase............. 0.3* |3 | 2.0/30|7.0! 2  /|20,000 
(1:100) | 


* Supernatant solutions S; + S2. 
Supernatant solution 


sities are read on a Coleman model 14 spectrophotometer in 1.6 
cm. diameter cuvettes. The color produced with urea is light 
sensitive and the colored solutions must be protected from light 
during heating and cooling. 

Carbamyl Phosphate Synthetase—The assay system (5) consists 
of 50 uwmoles of ammonium bicarbonate, 5 umoles of ATP, 5 
umoles of L-ornithine, 5 wmoles of N-acetyl-t-glutamate, 10 
umoles of magnesium sulfate, approximately 150 units of par- 
tially purified beef liver ornithine transcarbamylase (6), plus 
extract in a final volume of 1.0 ml. For convenience the first 
five reagents are added together in a volume of 0.3 ml. after gas- 
sing a much larger volume of this mixture (previously adjusted to 
approximately pH 7) with CO, gas to pH 6.8 in the cold. This 
mixture of reagents is stored at —18° and is stable for months, 
but it must be gassed with CO, just before use. Incubation is 
for 15 minutes. Incubation periods longer than 30 minutes are 
to be avoided because of loss of CO. from the reaction mixture 
with consequent increase in pH. Reactions are started with 0.3 
ml. of the described reagent mixture after equilibration of tubes 
and contents in the water bath. A control tube (zero time) 
receives 5.0 ml. of the perchloric acid solution before addition of 
the reagent mixture. Carbamyl phosphate, synthesized by the 
action of the enzyme, is converted by the excess ornithine trans- 
carbamylase to citrulline. Linearity of the production of car- 
bamy] phosphate as a function of protein concentration and time 
is shown in Figs. 2A and B. Boiled extract is inactive. 

The Arrhenius activation energy was found to be 12.1 kilo- 
calories per mole in the range 26-36°. The apparent Michaelis 
constant for N-acetyl-L-glutamate in an extract of Rana pipiens 
liver was found to be 1.35 + 0.25 & 10-4M (cf. 1.2 x 10-4); 
Carbamyl phosphate synthetase in the combined extracts is 
stable for at least 270 minutes at 38°. Frozen frog liver yields 
active preparations after storage for 7 days at —18°. 


3 Drs. R. L. Metzenberg and M. Marshall have observed a Kn 
of 1.2 X 10-4 m with purified adult R. catesbetana carbamyl] phos- 
phate synthetase in ammonium bicarbonate-CO, buffer, but they 
find that the value of the apparent K» varies with buffer and 
nature of the metal ion activator (Mg or Mn) (unpublished ob- 
servations). 
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Fic. 2. Carbamy] phosphate synthetase. Stage Number XXI 
R. catesbeiana tadpole liver extract. System of Fig. 2B contained 
177 wg. of protein. 
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Fic. 3. Ornithine transcarbamylase. A, Stage Number XXI 
R. catesbeiana tadpole liver extract. B, CTB extract from adult 
R. catesbeiana after storage at 5° for 4 days. System contained 
63 ug. of protein. 


Ornithine Transcarbamylase—The assay system (6) consists of 
20 umoles of L-ornithine, pH 8.0; 90 umoles of Na glycylglycine 
buffer, pH 8.3; 20 wmoles of dilithium (26) or diammonium car- 
bamy] phosphate; and extract in a final volume of 2.0 ml. Re- 
actions are started by addition of carbamyl phosphate solution 
after equilibration of tubes and contents in the water bath. In- 
cubation is for 15 minutes. Boiled enzyme or a_ perchloric 
acid-treated system serves as a zero time control. Concentration 
of the enzyme should be so adjusted for assay such that 1.0 ml. 
of the perchloric acid-treated reaction mixture (7.0 ml.) yields 
sufficient citrulline for assay. Some nonenzymatic transcar- 
bamylation accompanies the enzymatic transcarbamylation and 
the former becomes negligible with respect to the latter only when 
small aliquots are taken for color development. Only freshly 
prepared solutions of carbamyl phosphate should be employed 
because of its instability in aqueous solution. Linearity of 
citrulline production as a function of protein concentration and 
time is shown in Figs. 3A and B. The Arrhenius activation 
energy of the frog ornithine transcarbamylase over the range 22 
to 38° was found to be 13.1 kilocalories per mole (see Fig. 4), the 
same as was observed with partially purified beef liver ornithine 
transcarbamylase (6). Frog liver ornithine transcarbamylase in 
the CTB extract is stable 24 hours at 5°. Deletion of carbamyl 


‘Dr. R. L. Metzenberg (unpublished method). 
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phosphate, ornithine or extract from the assay system leads to 
little or no citrulline. Boiled extract is inactive. 

Arginine Synthetase System (Over-all System of Ratner et al. 
(25))—This assay is carried out as described by Ratner (25) with 
but minor modifications. The system assays the consecutive 
reactions catalyzing the condensation of aspartate and citrulline 
to yield argininosuccinate and cleavage of the latter. The assay 
system consists of 5 ywmoles of magnesium sulfate; 5 uwmoles of 
ATP, pH 7.0; 5 umoles of t-citrulline, pH 7.0; 5 wmoles of L- 
aspartate, pH 7.0; 50 umoles of potassium phosphate buffer, pH 
7.0; approximately 20 units of arginase; and extract in a final 
volume of 1.0 ml. For convenience, all of the reagents at the 
given level are added together in a volume of 0.5 ml. to start the 
reactions. This reagent mixture is stored at —18° and is stable 
for months. Incubation is for 1.0 hour. <A perchloric acid- 
treated system serves as a zero time control. Arginine formed 
by the action of the two enzymes is converted by the excess 
arginase to urea. As shown in Fig. 5, the level of ATP employed 
is optimum under the present conditions where no ATP-regen- 
erating system is employed. A similar shaped curve, but with 
a lower plateau, was found when a KCl supernatant solution 
from the same liver sample was subjected to assay. The course 
of the reaction with time in the case of frog liver extract is de- 
picted in Fig. 6. Because the level of the argininosuccinate 
cleavage enzyme has always been found to be higher than that 
for the arginine synthetase system in a given sample of tadpole 
or frog liver, this latter system constitutes an assay for the con- 
densing enzyme. If the condensing enzyme is not the rate- 
limiting step, excess cleavage enzyme must be added to the 
system (cf. (25)) in order to assay for the condensing enzyme. 
The slight lag in the time course of the reaction depicted in Fig. 
6 is the reflection of the attainment of a steady state concentra- 
tion of argininosuccinate to support the cleavage rate. Sub- 
strate requirements for the arginine synthetase system are 
established as indicated in Table III. The reaction course is 
essentially linear with enzyme concentration over the range of 
usual assays. A mixture of isomers of hydroxyaspartate (27) 
obtained from Dr. H. J. Sallach did not lead to urea formation 
in the assay system with frog liver extract. 
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Fic. 4. Arrhenius plot for ornithine transcarbamylase. Adult 
R. catesbeiana liver extract. Incubation periods from 5 to 30 
minutes at 22.0°, 30.1°, and 38.0°. Value of activation energy 
calculated from (2.3) (1.99) d(log k)/d(1/T) was 13.1 kilocalories. 
System contained 69 ug. of protein. 
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Fic. 5. Optimal ATP concentration for arginine synthetase. 
System contained 0.4 ml. of first CTB extract. Adult R. cates- 
beiana. 
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Fic. 6. Time course of arginine synthetase system. System 
contained 2.4 mg. of protein. Combined extracts from several R. 
catesbeiana tadpoles, Stage Numbers XX-XXIV. 


lOO = 120 


Citrulline yields some color with the reagent used for the de- 
termination of urea. It is therefore necessary to establish a urea 
standard curve in which optical density is plotted against urea 
concentration in the presence of an amount of citrulline such 
that the wmoles of citrulline plus urea is equal to the total zmoles 
of the two in the aliquot taken for urea determination. In prac- 
tice, only a small percentage of citrulline disappears from the 
reaction mixture. Aliquots of urea are thus added to the reac- 
tion system (in absence of enzyme) and a standard curve is es- 
tablished on this basis. In such a case, the same aliquot used 
for establishing the standard curve must be taken as for the assay 
aliquots. 
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Assays for the arginine synthetase system performed at 38° 
suffer from the fact that the enzymatic activity decreases (at 
least in the crude extract) during the hour assay interval. Al- 
though the enzyme shows no diminution of activity when held 
at 0° for 90 minutes, at 38° the enzyme has a decay constant 
of 4.03 x 10-* min.—, corresponding to a half-life of 172 minutes 
(see Fig. 7). During the hour assay period at 38° the enzyme 
activity falls off to about 75 per cent of the activity extrapolated 
back to zero time. This phenomenon as well as the slight lag 
period explains the sigmoid shape of a time study curve which 
usually obtains. 

Argininosuccinate Cleavage Enzyme—The assay system con- 
sists of 2 umoles of argininosuccinate (25), pH 7; 50 umoles of 
potassium phosphate buffer, pH 7.3; excess arginase; and extract 
in a final volume of 1.0 ml. Incubation is for 15 to 30 minutes, 
Water may be substituted\for argininosuccinate in the perchloric 
acid-treated control tube, see it does not give rise to any color 
A 


with the urea reagent. Arginine, formed by cleavage of the 


TABLE III 
Arginine synthetase system 


Rana catesbeiana tadpoles; Stages XX-XXIV._ Protein, 2 mg.; 
60 minutes at 38°; 1 ml. system; substrate levels as in text. 


System Arginine (as urea) 
| pmoles 
Complete 0.23 
| 0.26 
Complete — citrulline..... | 0 
Complete — citrulline..................... | 0 
Complete — ATP.................... 0.03 
Complete — ATP.... ; | 0.04 
Complete — 0.06 
Complete — aspartate.................... 0.05 
Complete (boiled enzyme)................. | 0.01 
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Fic. 7. Stability of arginine synthetase system. First CTB 


extract held at 38° for various intervals and then assayed (30 
minute assay period). The decay constant, k, in the expression 
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120 


MINUTES 


A = Apo e* was calculated as 4.03 XK 10-3 min.~!; half-life, 172 
Extract held at 0° for 90 minutes showed no decrease 
Assays 


minutes. 
in activity over that of the 30 minute assay interval. 
carried out with 3.0 mg. of protein. Adult R. catesbeiana. 
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Fic. 8. Argininosuccinate cleavage enzyme. Combined ex- 
tracts from several R. catesbeiana tadpoles, Stage Numbers V-X 
(paddle stages). System of B contained 1.23 mg. of protein. 
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Fic. 9. Lineweaver-Burke plot for argininosuccinate with the 
cleavage enzyme. Combined extracts from several R. catesbeiana 
tadpoles, Stage Numbers V-X (paddle stages). Incubation for 
60 minutes at 38°; 1.23 mg. of protein. 


argininosuccinate, is converted by the excess arginase to urea. 
The course of the reaction as a function of protein concentration 
and time is depicted in Figs. 8A and B. As shown in Fig. 8A 
the curve falls off at the higher levels of protein. The apparent 
Michaelis constant, K,,, for argininosuccinate was found to be 
93 x 10-4 (Fig. 9). Thus the level of substrate employed in 
the assay is sufficient to support a rate 68 per cent of Vinax. It 
is suggested that higher levels of substrate be employed when 
sufficient material is available. 

Arginase—The assay system consists of 25 umoles of L-argi- 
nine, pH 9.5; 0.5 umole of MnCl; 50 uwmoles of sodium glycinate 
buffer, pH 9.5; and extract in a final volume of 2.0 ml. Incuba- 
tion is for 30 minutes. Adequate controls are a perchloric acid- 
treated system, no enzyme, or boiled enzyme. The reaction 
course as a function of protein concentration and time is shown 
in Figs 10A and B. The course of the reaction never seems to 
be linear with protein concentration over the ranges studied 
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possibly due to inhibition by ornithine formed in the course of 
the reaction (28) or assay under partial first order kinetics. Di- 
lution of the combined extract for arginase assays should be made 
immediately before use, as the activity tends to fall off upon 
standing in dilute solution. The units of enzyme activity can 
be increased by preincubation in the presence of manganous ion 
(29). Preincubation for 30 minutes at 50° with 0.05 ma MnCl, 
is optimal for maximal activation of liver extracts prepared from 
R. catesbeiana tadpoles as shown in Fig. 11. The higher value 
for the zero time preincubated sample is the result of short con- 
tact (about 30 seconds) of the extract with manganous ion. 
Effectiveness of CTB in Preparation of Extracts—The use of a 
0.1 per cent solution of CTB allows the preparation of liver 
extracts containing nearly all of the activity of the urea cycle 
enzymes with specific activities higher than obtained with water 
or KCl. Portions of frog liver were extracted with water and 
with water solutions of CTB ranging up to 0.1 per cent. An 
average value of 711 + 37 units of carbamyl phosphate synthe- 
tase activity per gm. of liver wet weight over this concentration 
range was observed. However, the specific activity of the en- 
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Fic. 10. Arginase. Combined extracts from several R. cates- 
beiana tadpoles, Stage Numbers I-IV (limb bud stages). System 
of B contained 86 yg. protein. 
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Fic. 11. Activation of arginase by MnCl: Combined CTB 
extract from R. catesbeiana Stage Number XVIII tadpole liver 
held at 50° in presence of 2.5 X 10-4 m Mn**. Aliquots were re- 
moved at various time intervals and assayed. Extract not pre- 
incubated was assayed in presence of 2.5 X 10-4 m Mn**; pre- 
incubated extracts were assayed in the presence of 1.25 KX 10-3 m 
Mn++ (final). Ordinate axis gives umoles of urea produced per 
hour per ml. of original extract (combined volumeg). 
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Fic. 12. Specific activity of carbamyl phosphate synthetase 
versus CTB concentration. Adult R. catesbeiana, combined CTB 
extracts. 


zyme in the 0.1 per cent solution was double that of the water 
extract (see Fig. 12). CTB extraction of mitochondria also leads 
to a higher specific activity for this enzyme (5). 

CTB inhibits the purified enzyme (5) approximately 50 per 
cent at a level of 50 wg per ml.; in usual assays, the volume of 
enzyme extract for an assay of carbamyl phosphate synthetase 
(0.1 ml.) made with 0.1 per cent CTB solution originally con- 
tained 100 ug. of CTB, although it is clear the enzyme is not 
inhibited. Most of the CTB must have been removed during 
preparation of the homogenate. This removal of CTB from 
solution with concomitant increase in specific activity of the 
enzyme indicates that the efficacy of the detergent is due, in 
part at least, to binding and precipitation of protein other than 
the carbamy! phosphate synthetase as well as the other urea 
cycle enzymes. All of our studies support the position that 
CTB extraction, as employed here, is far superior to other ex- 
tracting media in terms of specific activity and total units for 
the extracted urea cycle enzyme activities. 
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SUMMARY 

1. A systematic scheme of analysis for the determination of 
the levels of urea cycle enzymes in liver extracts of ureotelic 
animals is presented. Extracts are prepared with the aid of the 
detergent, cetyltrimethylammonium bromide. 

2. Over 95 per cent of the total enzyme activity of liver ap- 
pears in the first extract for the argininosuccinate condensing 
and cleavage enzymes, and in the first plus second extracts for 
carbamyl phosphate synthetase, ornithine transcarbamylase, 
and arginase. 

3. Time and enzyme concentration studies for the five enzymes 
are presented. The apparent Michaelis constant for N-acetyl- 
L-glutamate was found to be 1.35 + 0.25 & 10-4 m with an extract 
of Rana pipiens liver. 

4. The Arrhenius activation energy for the ornithine trans- 
carbamylase reaction in the range 22-38° was 13.1 kilocalories. 
The over-all system catalyzing the synthesis of arginine from 
citrulline, aspartate, and adenosine 5’-triphosphate possessed at 
38° a half-life of 172 minutes in the crudeextract. The Michae- 
lis constant for argininosuccinate with the tadpole cleavage en- 
zyme was 9.3 X 10-4 M. 

5. The optimal time for activation of arginase at 50° by Mn++ 
(0.05 m) with Rana catesbeiana tadpole liver extracts was 30 — 
minutes. 

6. The effectiveness of the cetyltrimethylammonium bromide 
was attributed to the binding and precipitation of protein other 
than that of the enzymes assayed. This leads to extracts of 
higher specific activity than can be obtained with water. 

7. Complete assays for the five enzymes of the urea cycle 
can be made on frog liver with volumes of extracts corresponding 
to about 150 mg. of liver (wet weight). 


Acknowledgment—The observation on the efficacy of the use 
of CTB in preparing extracts was made in conjunction with Dr. 
G. H. Burnett who participated in some of the initial studies for 
determining the optimal concentration of the detergent to be 
emploved. 
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Among the various physiological-biochemical changes as- 
sociated with the invasion of land from an aquatic environment 
is that dealing with the nature of the nitrogen excretion product 
of protein and amino acid catabolism. In general terms (1-4), 
the excretion of ammonia (ammonotelism), urea (ureotelism), 
or uric acid (uricotelism) is related to the availability of water 
to an organism. Ammonia constitutes an adequate excretion 
product for forms such as the Teleoste: (bony fishes), living in an 
aqueous environment, but the toxicity of this compound has 
precluded it from becoming a suitable end product in animals 
which inhabit the land. Mammals and adult amphibians have 
solved the problem by excreting urea, while insects, birds, and 
saurian reptiles have taken advantage of the low solubility and 
low toxicity of uric acid. The presence of a urea-synthesizing 
mechanism in the Elasmobranchii (sharks, rays) (Dennis, Herter, 
cf. (1)) and in certain chelonian reptiles (turtles) (5, 6) are 
anomalous, relating possibly to their peculiar position on the 
evolutionary tree. 

The developing amphibian (Anura) tadpole has lent itself 
admirably to a study of the possible evolutionary course of the 
nitrogen excretion mechanism. Tadpoles excrete ammonia 
before metamorphosis, and in the course of metamorphic changes 
leading to preparation for invasion of land, there results a shift 
from ammonia to urea as the excretory end product (7, 8). 
With the development of a systematic scheme of analysis for the 
quantitative assay of urea cycle enzymes in single tadpole livers 
(9), it has been possible to follow the changes in levels of these 
enzymes during metamorphosis. This paper represents a sys- 
tematic study of the activity levels of the known enzymes of 
the urea cycle throughout the course of amphibian metamorpho- 
sis. 


EXPERIMENTAL 


Animals—Rana catesbeiana tadpoles and frogs were obtained 
from The Lemberger Company and from the Carolina Biological 
Supply Company. Tadpoles were fed canned spinach and were 
kept in large glass jars at room temperature. The water was 
changed frequently. Partially metamorphosed tadpoles were 
provided with platforms at water level; juvenile frogs were 


* This study was supported in part by grants from the National 
Science Foundation, the National Institutes of Health, and the 
Wisconsin Alumni Research Foundation. 

t Preliminary reports of this study were presented at the Phila- 
delphia Meeting of the Federation of American Societies for 
Experimental Biology, April 1958, and at the Symposium on the 
Chemical Basis of Development, The Johns Hopkins University, 
Baltimore, March 1958. 


placed in an aquarium with rocks and logs projecting above the 
water level; these were fed a diet of live worms. The Wisconsin 
variety apparently attains a larger size than does the North 
Carolina variety; specimens of the former weighed as much as 
30 gm. and often possessed livers weighing about 1 gram. Tad- 
poles from a given shipment and at various stages of develop- 
ment were employed in establishing the levels of a given enzyme 
at various stages of development. 

Classification of Stage of Development—lIn the initial experi- 
ments the ratio of hind limb length to tail length (cf. 10, 11) 
was used. In subsequent experiments the classification of 
Taylor and Kollros (12), based upon external morphological 
characteristics of larval Rana pipiens tadpoles, was employed. 
Such a description (Stage Number) was found to be adequate 
for classifying R. catesbeiana tadpoles. Stage Number XVIII 
corresponds to the onset of true metamorphosis (tail absorption). 
Values for the length ratio, hind limb/tail, in this species can be 
converted to approximate Stage Numbers with the aid of a 
graph published elsewhere (13). Only postembryonic, 1.e. lar- 
val, tadpoles were employed (Stage Numbers I through XXV). 
Examination of tadpoles was facilitated through the use of a 
binocular microscope. 

Methods and Materials—Assay protocols are described in the 
previous paper of the series (9). Suitable aliquots of the ex- 
tract(s) for a given tadpole liver were selected after noting the 
approximate Stage Number. Detailed notations of the mor- 
phological characteristics were made later. For the arginase 
assays, the enzyme was purposely not activated by preincubation 
with manganous ion (14) which, however, can increase the 
activity of tadpole arginase twofold (9). Commercial reagents 
were employed with the exception of the following: arginino- 
succinate was the gift of Dr. Sarah Ratner; dilithium carbamy] 
phosphate was prepared as described by Jones et al. (15); crystal- 
line diammonium carbamy] phosphate! was prepared by Dr. 
R. L. Metzenberg; partially purified ornithine transcarbamylase 
was prepared according to the method of Burnett and Cohen 
(16), the fraction precipitating between 2.0 and 2.5 m ammonium 
sulfate being employed in the assays for carbamyl phosphate 
synthetase; a highly purified sample of frog liver carbamyl 
phosphate synthetase (17, 18) was supplied by Dr. Margaret 
Marshall. 

Definition of Units—A unit of enzyme corresponds to the 
production of 1 wmole of product per hour under standard assay 
conditions (9). The value, units per gm., represents ymoles of 
product formed per hour per gm. of wet weight of liver. Specific 


1R. L. Metzenberg (unpublished method). 
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TABLE I 
Urea excretion by Rana catesbeiana tadpoles 
. Hind limb length pmoles ures 
Tail length 24 
Premetamorphic 0.33 2.1 
0.60 3.3 
Metamorphic 0.69 2.5 
0.89 1.5 
1.4 11.3 
1.6 11.5 
Stage XXIV = 14.5 


activity is defined as units per mg. protein. Protein was de- 
termined by the Lowry procedure (19) with egg albumin as 
standard. 

Urea Excretion by Intact Tadpoles—Tadpoles were placed in 
beakers containing phosphate buffer (0.01 mM, pH 6.5). Twenty- 
four hours later the fluid was analyzed for urea with 1-phenyl- 
1 ,2-propanedione-2-oxime (20, 21). No protein (which inter- 
feres with color development) could be precipitated from the 
medium with trichloroacetic acid. Micromoles of urea in the 
medium were proportional to the aliquot taken for color develop- 
ment. 


RESULTS AND DISCUSSION 


Urea Excretion—Results for the excretion of urea by several 
intact tadpoles are reported in Table I. In various experiments 
the absolute levels of urea excretion were somewhat variable, 
but in any given experiment a rapid increase in the rate of ex- 
cretion was found shortly after metamorphosis. A very rapid 
increase takes place between values of the hind limb/tail ratio, 
0.9 to 1.4, corresponding to Stage Numbers XIX and XXII, 
respectively. This increase in urea excretion is accompanied by 
a corresponding decrease in ammonia excretion (13). Thus, 
before metamorphosis, urea nitrogen accounts for only 10 to 20 
per cent of the urea nitrogen plus ammonia nitrogen, while in 
the juvenile frog (Stage Number X XV) almost all of the excreted 
nitrogen is in the form of urea. Thus urea excretion is not an 
auxilliary mechanism operating independently of ammonia ex- 
cretion. Similar results have been observed by Munro (7, 8) 
in normally metamorphosing tadpoles and those made to meta- 
morphose by the action of a thyroid preparation. 

It is not known whether the low level of urea excretion in 
premetamorphic tadpoles reflects activity of the urea cycle of 
the liver. Arginase (see below) shows considerable activity in 
the early stages of larval development, and the excreted urea 
may solely reflect the action of this enzyme on arginine of the 
diet or possibly on that synthesized by intestinal flora. 

Carbamyl Phosphate Synthetase—This enzyme catalyzes the 
reaction (18, 22, 23) 


acetyl glutamate 
Mg** (1) 


NH,* + HCO; + 2 ATP 


H:NCOO ~ P + 2 ADP + P? 


2 The abbreviations used are: P;, inorganic orthophosphate; 
PP;, pyrophosphate; CTB, cetyltrimethylammonium bromide 
(Eastman Kodak Company, Rochester, New York). 
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The activity of this enzyme increases markedly at the onset of 
metamorphosis (Stage Number XVIII) as shown in Fig. 1. The 
data of Fig. 1 summarize the results of four individual experi- 
ments. The increase in activity of carbamyl phosphate syn- 
thetase with increasing larval development is reflected both in 
the values for units per gm. of liver or for specific activity. Values 
for units per gm. increase from less than 50 at Stage Number IX 
or X to over 500 at Stage Number XXV._ The specific activity 
in one experiment, plotted as an inset to Fig. 1, reveals a 4-fold 
increase. Increases in specific activity as high as 10-fold over a 
corresponding Stage Number range have been noted in other 
experiments. As indicated in Table V, the activity for carbamy] 
phosphate synthetase is higher in the adult than in the juvenile 
frog, indicating that the activity continues to increase beyond 
the larval stages. 

Extracts prepared from livers of tadpoles showing low enzyme 
activity were combined with extracts of liver from froglets 
showing higher activity. The resulting activity corresponded to 
the sum of the individual activities as shown in Table II. Boiled 
tadpole liver extracts also did not inhibit untreated extracts. 
The data suggest the absence of inhibitors in the less developed, 
and absence of activators in the more developed, tadpoles. Ad- 
dition of highly purified carbamyl phosphate synthetase to 
incubation tubes following assay of extracts for carbamy] phos- 
phate synthetase (in the case of premetamorphic tadpoles) 
showed that the assay system was still effective. This, too rules 
out the possibility of there being effective concentrations of 
inhibitors present in extracts of premetamorphic tadpoles, as well 
as indicating that ATP was not depleted by the action of an 
ATP-ase. 

The increase in enzymatic activity with an increase in Stage 
Number can also be demonstrated with CTB extracts of isolated 
mitochondria prepared from isotonic KCl homogenates. Thus 
carbamy! phosphate synthetase in tadpole liver is mitochondrial 
in location as in the case of mammals (23); increased enzyme 
activity is therefore related to some change in these organized 
cytoplasmic elements. 

In a preliminary experiment the activity of the carbamyl 
phosphate synthetase increased markedly in tadpoles preco- 
ciously metamorphosing under the influence of triiodothyronine. 


600 
CARBAMYL PHOSPHATE SYNTHETASE 
a 500+ 0-0 
5 
fe) 
w2oor e 
> 100+ 
re) 
IX XIill XVil XXV 


STAGE NUMBER 


Fic. 1. Carbamyl phosphate synthetase activity versus tad- 
pole Stage Number. @——®, values observed in a representa- 
tive experiment. The inset shows values for specific activity in 
this experiment. 
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Ornithine Transcarbamylase—This enzyme catalyzes the re- 
action (17, 22-24), 
H:NCOO ~ P + ornithine*?: ~! — citrulline* + Pj + H* (2) 


The activity of this enzyme also increases markedly during 


TaBLeE II 


Carbamyl phosphate synthetase: additive activities of tadpole and 
frog extracts (Rana catesbeiana) 


In Experiment 1, active adult and tadpole extracts were com- 
bined. Values calculated in Column 4 are based on those ex- 
pected from the values obtained with frog extract and tadpole 
extract separately. In Experiment 2, active tadpole extracts 
were treated with boiled tadpole extract, the total volumes of 
the combined extracts remaining constant. Values calculated in 
Column 4 in this experiment were based on the value obtained 
with 0.5 ml. of active tadpole extract. Several tadpole livers 
were combined. For assay procedure see (9). 


Carbamyl phosphate 
produced in 15 
Frog extract Tadpole extract minutes at 38° 
Observed | Calculated 
ml. ml. umole pmole 
Experiment 1 
0.1 0.58 
0.1 0.14 
0.1 0.1 0.72 0.72 
0.1 0.3 0.90 1.0 
0.1 0.5(boiled) 0.58 0.58 
0.5 (boiled) 0 
0.1 + 0.1(boiled) 0.58 0.58 
Experiment 2 
0.1 0.12 0.10 
0.2 0.20 
0.3 0.35 0.31 
0.4 0.47 0.41 
0.5 0.51 
0.6 0.57 0.61 
0.5(boiled) 0 
0.1 + 0.5(boiled) 0.12 0.10 
0.2 + 0.4(boiled) 0.25 0.20 
0.3 + 0.3(boiled) 0.34 0.31 
TaBLe III 


Tadpole ornithine transcarbamylase (Rana catesbeiana) 


Stage No.* Units ee — wt. Specific activity 
xX 1680 36.7 
XIV 1080 26.4 
XVI} 2360 44.0 
XVII4 1940 54.0 
XVII} 2590 40.2 
~XIX 2780 59.2 
XX} 3120 49.5 
5000 93.3 
XXIII 4570 81.7 
XXIII 4710 96.6 
XXIIj 5230 83.8 
XXIV 5520 84.3 


* The fraction 4 indicates a development level between the 
Stage Number cited and the next Stage Number. 
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. ORNITHINE TRANSCARBAMYLASE 


iL | L | i | iL | | | L 
X XIV XVIII 
STAGE NUMBER 


Fic. 2. Ornithine transcarbamylase activity versus tadpole 
Stage Number. 


metamorphosis as shown in the data taken from a typical experi- 
ment and tabulated in Table III. Approximately a 3-fold in- 
crease in activity for this enzyme was observed between Stage 
Numbers X and XXIV. Data from another representative 
experiment are plotted in Fig. 2. In this experiment, which 
included a specimen at Stage Number XVIII (tail absorption 
stage), there was a steep rise in the enzymatic activity beyond 
this point of larval development. The value, units per gm., 
increased from 2,320 at Stage Number X to 6,660 at Stage 
Number XXIV. This increase in activity continues, reaching a 
value of approximately 20,000 in the adult frog (Table V). The 
relative increase in activity during metamorphosis is not so 
marked as that observed with carbamyl phosphate synthetase, 
but ornithine transcarbamylase at all times exhibits greater 
activity than the latter (see Table V). 

Arginine Synthetase System (Over-all Condensing and Cleavage 
Enzyme Activity)—This system catalyzes the two step reaction 
discovered by Ratner et al. (21, 25-27): 


Citrulline* + aspartate™?~? + ATP - Mg** 
+ AMP + PP; 


(3) 


Argininosuccinate*?: — argininet?.~! + fumarate” (4) 


Assays for this system in tadpoles at various stages of develop- 
ment have led to less consistent results than with the other 
enzymes of the urea cycle. Part of this difficulty may be the 
result of the following: (a) This system shows the least activity 
of the various enzymatic steps. In premetamorphic tadpoles it 
is necessary to take a large aliquot of the perchloric acid-treated 
reaction mixture which entails measurement of urea in the 
presence of large amounts of citrulline, the latter producing color 
with the color reagent. This leads to a decreased sensitivity of 
the assay system. (b) Differential loss of activity among the 
extracts prepared from various tadpole livers could lead to a 
scatter of points in a plot of units per gm. or specific activity 
versus Stage Number. As already pointed out (9), activity of 
this system decreases (in one instance, 25 per cent) during the 
course of the 1 hour assay period at 38°. (c) A variation in the 
ratio of condensing enzyme to cleavage enzyme activity could 
also lead to different lag periods as the result of the attainment 
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TaBLe IV 
Tadpole arginine synthetase system (Rana catesbeiana) 
Stage Ratio* | Specific activity 

XIV 0.07 0.89 0.042 
XVII $t 0.39 2.4 0.084 
XIX 0.53 6.3 0.218 
XIX 0.59 14.2 0.383 
XXIII 2.05 10.2 0.313 
XXV 20 18.6 0.658 


* Ratio = hind limb length/tail length. 
Between Stage Nuinbers XVII and XVIII. 


TABLE V 


Summary of levels of urea cycle enzymes in liver of 
Rana catesbeiana* (representative data) 


Stage of development 
XVIT- | XXII 
x XVIII | “xxv | Adult 

Carbamyl] phosphate synthetase. . 55 84 | 444 | 1,040 
Ornithine transcarbamylase...... 2320 (2480 (6660 (20,000 
Arginine synthetase systemf..... 1-2 2.5) 10-20} 30-50 
Argininosuccinate cleavage en- 


* Values given in terms of uymoles per hour per gm. liver wet 
weight. 

t In these experiments the activity of arginine synthetase re- 
flects the activity of the condensing enzyme. 


of different steady state levels of argininosuccinate in the assay 
system. 

In spite of the difficulties discussed above, it can nevertheless 
be shown that there exists a general increase in activity for this 
system with increasing tadpole development as indicated in 
Table IV. Before metamorphosis, this system yields values of 
about 2 or less units per gm. The lower limit of assay for this 
system by the methods employed here is about 1 unit per gm. 
It is thus difficult to conclude with certainty that this system is 
present in tadpoles before about Stage Number XVI. No 
difficulty is experienced in finding activity at and beyond Stage 
Number XVIII, and at Stage Number XXV about 20 units per 
gm. are present. Values of about 30 to 50 units per gm. (Table 
V) have been found in extracts prepared from adult frogs. The 
arginine synthetase system, based upon the levels of arginino- 
succinate cleavage enzyme in tadpoles and frogs (see below and 
Table V) is largely a measure of the condensing enzyme, and the 
latter would thus appear to be the rate-limiting step of the 
arginine synthetase system. It has been known for some time 
that the over-all conversion of citrulline into arginine is the rate- 
limiting reaction(s) in liver slices (28). 

Argininosuccinate Cleavage Enzyme—This enzyme catalyzes 
Reaction 4 (21). It has been less extensively investigated in 
tadpoles than have the other enzymes of the urea cycle, but it too 
shows an increase in activity during metamorphosis. Some 
representative data are tabulated in Table V. Note that in 
premetamorphic tadpoles (< Stage Number XVIII) this enzyme 
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exhibits considerably more activity than does the over-all system 
above, which utilizes both the condensing and cleavage enzymes, 
Activity for the cleavage enzyme is thus considerably higher than 
for the condensing enzyme in such tadpoles. The data of Tables 
IV and V indicate that the condensing enzyme exhibits the least 
activity of all of the enzymes of the urea cycle, and thus pre- 
sumably the reaction catalyzed by it is the rate-limiting step of 
the urea cycle in metamorphosing R. catesbeiana tadpoles and 
adult frogs. 
Arginase—This enzyme catalyzes the reaction (14, 29, 30): 


Arginine*?:—! + urea + ornithine*?:—! (5) 


The activity of this enzyme follows the pattern of the other 
enzymes in showing an increase in activity during metamorphosis 
as shown in Fig. 3. Activity increases with Stage Number either 
on the basis of units per gm. or specific activity. Before meta- 
morphosis arginase shows an activity of about 1000 + 500 units 
per gm. with a specific activity of about 20 (mean). At Stage 
Number XXIII enzyme activity reaches about 3000 units per gm. 
with a specific activity of approximately 60. This 3-fold increase 
over these Stage Numbers is comparable with that observed with 
ornithine transcarbamylase. Values obtained in experiments 
with adult frogs (Table V) are higher than in juvenile frogs, 
indicating that this enzyme activity also increases beyond the 
larval and juvenile stages. 

The finding of an increase in arginase activity during meta- 
morphosis of normally developing R. catesbetana tadpoles has its 
counterpart in the studies of Munro (7) and Dolphin and Frieden 
(10) with Rana or Bufo spp. These workers also observed an 
increase in activity of liver arginase in tadpoles normally meta- 
morphosing (7) or made to metamorphose (10) by administration 
of thyroxin and related compounds. In this connection, Frieden 
and Mathews (31) also observed an increase in liver ATP-ase 
and glucose 6-phosphatase activity during normal and induced 
metamorphosis. 

The increase of arginase activity during metamorphosis is not 
the cause, per se, for the increase in the rate of urea synthesis 
and excretion in metamorphosing tadpoles, for arginase (as 
assayed here) is present in premetamorphic tadpoles far in excess 
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Fic. 3. Arginase activity versus tadpole Stage Number. 
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of that required to support the rate of urea synthesis and excre- 
tion observed with intact tadpoles. Rather, the increased rate 
of synthesis and excretion of urea finds explanation in the in- 
crease in activity of the rate-limiting step of the urea cycle, which 
ultimately provides a greater amount of arginine to be acted 
upon by arginase. The urea excreted by premetamorphic tad- 
poles may not necessarily reflect the activity of a functioning 
urea cycle in such tadpoles. More sensitive assay procedures 
based on isotopic techniques should lend themselves to a study 
of this question. 


SIGNIFICANCE OF FINDINGS 


Substrate and cofactor requirements for the enzymes described 
here are the same as those employed in studies with the urea 
evcle enzymes of mammalian liver. Thus, the following over-all 
reaction for the synthesis of urea by liver is consistent with the 
data for a member of the Amphibia as well as for Mammalia: 


NH, + HCO; + aspartate*!? 
acetyl! glutamate, 


ornithine (6) 
Mg, > urea + fumarate? 


+ 2 ADP + AMP + 2 P; + PP; + H* 


+ H.O + 3 ATP 


AF*’ (pH 7) = —13.2 kilocalories 


The free energy decrease of 13.2 kilo-calories (32) associated 
with Reaction 6 indicates that the over-all reaction as formulated 
for the synthesis of urea from NH,* and bicarbonate is thermo- 
dynamically feasible. Free energy changes for the individual 
reactions (cf. 32) are likewise favorable. Hence, on enzymatic 
as well as on thermodynamic grounds, Reactions 1 through 5 
constitute a satisfactory sequence of reactions for the synthesis 
of urea by anuran or mammalian liver. 

A simple calculation will also show that the activity of these 
enzymes as assayed here is sufficient to account for the rate of 
urea excretion by intact tadpoles. A Stage Number XXIV 
tadpole (Table I) excreted 14.5 uwmoles of urea per 24 hours per 
gm. of body weight or approximately 0.5 umole of urea per hour 
per gm. of body weight. If the liver is considered to be 5 per 
cent of the body wet weight, this corresponds to the excretion of 
10 zmoles of urea per hour per gm. wet weight of liver for a 
Stage Number XXIV tadpole. This agrees favorably with the 
activity found for the presumed rate-limiting step of the urea 
cycle, viz. the condensing enzyme of the arginine synthetase (10 
to 20 units per gm. liver, cf. Table V). Thus the rate of urea 
synthesis in vivo, as judged by the rate of excretion, is compatible 
with the activities of the sequence of enzymes reported here as 
catalyzing urea synthesis. Extrapolation of enzymatic rates 
measured in vitro to rates in vivo requires sO many assumptions 
that significance of such extrapolated values is open to question. 
However, a prerequisite of a significant correlation is that the 
rate in vitro be at least equal to that necessary to meet the re- 
quirements in vivo for urea synthesis. In this sense, the agree- 
ment of rates observed here is highly significant. Although 
alternate routes of urea biosynthesis have been suggested (33) 
the cycle considered here thus accounts for the rate in vivo of 
urea synthesis by well characterized enzymatic, and thermo- 
dynamically feasible reactions. 

The failure to find inhibitors or activators in tadpole and frog 
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extracts suggests that an augmented synthesis de novo of the 
enzymes studied here takes place during and after larval develop- 
ment. The possibility exists that “unmasking” of the urea 
cycle enzymes could lead to the increased enzyme activities ob- 
served during metamorphosis. However, the findings certainly 
are not incompatible with an enhanced synthesis de novo of these 
enzymes during metamorphosis. The increased activities seem 
inexplicable on the basis of an increase ina specific cell type which 
harbors these enzymes. Stained sections of livers from a series 
of metamorphosing tadpoles revealed no unique change in cell 
types. Subcellular and intraparticulate changes of the paren- 
chymal cells are now under exploration to provide further in- 
formation on the phenomenon reported here. 

Biological adaptation without recourse to mutation must be 
considered an important mechanism in amphibians enabling 
them to extend their larval environmental confines. An ex- 
tensive literature already exists concerning metabolic adaptations 
in animals (34, 35) and microorganisms (36, 37). To our knowl- 
edge this is the first observation of the enhancement during 
ontogeny of the activity of all the clearly defined enzymes of a 
metabolic cycle whose operation is associated with a specific 
biochemical-physiological function, viz. nitrogen excretion. The 
finding is of added significance since this adaptation is allied 
with the action of hormones such as thyroxine and related 
compounds which can cause an onset of metamorphosis. 

On a time scale, the results are startling. Rana catesbeiana 
tadpoles can remain in the larval state for as long as 3 years (38) 
but can complete metamorphosis within about 3 weeks, during 
which time the complement of enzymes increases dramatically in 
activity. 

The acquisition of the specific biochemical function under 
study here is concomitant with the physiological changes from 
a wholly aquatic to a partially aquatic, or amphibious life. 
Whether the phenomenon observed here mimics the evolutionary 
course of nitrogen excretion mechanisms associated with the 
colonization of dry land in the Devonian is not known, but it is 
consistent with such an interpretation. And the occurrence of 
enzymes of the urea cycle (39) in a variety of organisms (30, 
40-45) suggests that these reactions orginally served other 
functions (13), and that such reactions were exploited for the 
specific function of eliminating ammonia in a form compatible 
with life on dry land. 


SUMMARY 


1. Metamorphosing Rana catesbeiana tadpoles exhibit a 
marked enhancement in the activities of all of the liver enzymes 
of the urea cycle at the onset of metamorphosis. 

2. The rate-limiting step of the urea cycle appears to be that 
catalyzed by the enzyme effecting the condensation of citrulline 
and aspartate to vield argininosuccinate. The level of this 
enzyme in an extract of liver is sufficient to account for the rate 
of synthesis of urea by the intact tadpole as judged by the rate 
of excretion of this nitrogenous end product. 

3. The induction of the urea cycle at the onset of metamorpho- 
sis is consistent with the interpretation that such induction 
represents an enhanced rate of synthesis de novo of these en- 
zymes. 

4. The phenomenon observed here is thought to mimic in some 


3 The authors are indebted to Dr. D. M. Angevine, Professor 
of Pathology, for examining these sections. 
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degree the evolutionary course of nitrogen excretion mechanisms 


associated with the colonization of land. 
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Addendum—F urther experiments have been undertaken deal- 
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zymes during tadpole development. 
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II 


Through the application of 


precipitin reactions, in which an antibody prepared against puri- 
fied frog liver carbamy! phosphate synthetase was employed, it 
has been shown that the increase in activity of this enzyme dur- 
ing metamorphosis is due in fact to an increase in enzyme protein 
(M. Marshall, R. L. Metzenberg, and P. P. Cohen, unpublished 


ing with the question of the syntheses, de novo, of urea cycle en- observations). 
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Literature on the subject of glycine metabolism has been re- 
viewed by Weinhouse (1) and by Arnstein (2). The three cata- 
bolic pathways for which there has been most support are: (a) 
the deamination of glycine to glyoxylate, and decarboxylation of 
the latter to CO. and formate; in a liver homogenate the formate 
is oxidized to CO, and water by catalase and the hydrogen perox- 
ide produced by the action of xanthine oxidase on xanthine or 
hypoxanthine; (b) the conversion of glycine to serine and subse- 
quent oxidation of the serine; and (c) the succinate-glycine cycle 
proposed by Shemin (3). 

In the present studies, measurements were made of the rates 
of COs formation from glycine-1-C™, glycine-2-C™, and formate- 
C™ by liver homogenates from rats which were fed diets deficient 
in either vitamin Bs, molybdenum, or folic acid. Studies with 
vitamin B,-deficient livers were of interest, because it was found 
previously that blood from vitamin Bg-deficient ducklings in- 
corporated glycine-2-C™ into heme poorly (4) and oxidized gly- 
cine-2-C™ to CO, at a reduced rate (5). Molybdenum deficiency 
was studied in order to eliminate xanthine oxidase from the livers 
(6). Weinhouse and coworkers (7, 8) reported lower rates of 
formate and CO, production from the a-carbon of glycine in vivo 
in folic acid-deficient rats, and an impaired formate oxidation in 
vivo and by homogenates of folic acid-deficient livers. 

Decreased rates of CO. formation from both glycine carbons 
and from formate were found with livers from vitamin B,-defi- 
cient rats. The formation of CO: from the glycine carbons, but 
not from formate was stimulated by the addition of pyridoxal- 
5’-phosphate. The impaired formate oxidation could be related 
to the observed decrease of xanthine oxidase in vitamin B,-de- 
ficient livers. Liver homogenates depleted of xanthine oxidase 
in molybdenum deficiency gave essentially normal rates of CO, 
evolution from both glycine carbons, but the oxidation of for- 
mate to CO. was diminished. Omission of folic acid from the diet 
decreased the production of CO, from the a-carbon of glycine by 
about 75 per cent, and from the carboxyl carbon of glycine by 
about 25 per cent. 


EXPERIMENTAL 


Weanling male albino rats were fed a purified 24 per cent Labco 
casein diet (6) containing riboflavin, thiamine, pyridoxine, niacin, 
calcium pantothenate, and choline, but not added folic acid, 


* This investigation was aided by grants from the National 
Institute of Arthritis and Metabolic Diseases (PHS A-586), and 
the National Cancer Institute (PHS C-1852) of the National In- 
stitutes of Health, United States Public Health Service, and from 
the Division of Biological and Medical Sciences, National Science 
Foundation (NSF G-2131). 


vitamin By or biotin. This diet produced very low levels of 
xanthine oxidase in the intestine and moderately decreased levels 
of xanthine oxidase in the liver. Weanling rats grew well on this 
diet and did not show symptoms of folic acid or vitamin B,, 
deficiencies. The basal diet was modified by (a) the addition of 
81 mg. of Na2.WO,-2 HO per kg. to produce very low levels of 
liver xanthine oxidase (9); (b) the addition of 0.2 mg. of folic 
acid, 0.025 mg. of vitamin Bi, and 0.08 mg. of biotin per 100 
gm. of diet together or individually as indicated; and (c) the 
omission of pyridoxine from the diet containing added folic acid, 
vitamin Bye, and biotin. 

The diets were fed for 2 to 3 weeks. The rats were decapi- 
tated; livers were immediately chilled in ice and a 10 per cent 
homogenate was prepared with cold 0.154 m KCl. The homog- 
enate (0.4 ml.) was added to each vessel containing 1.2 ml. of 
incubation medium plus other additions in water as indicated to 
a total volume of 3.0 ml. The incubation medium was a modifi- 
cation of the one described by Pardee et al. (10) and was prepared 
by mixing the following: 1.3 ml. of 0.770 m KCI; 0.5 ml. of 0.0004 
mM cytochrome c; 1.5 ml. of 0.1 M potassium phosphate buffer, 
pH 7.4; 0.5 ml. of 0.1 m MgCl.; and 2.2 ml. of HO. Ten umoles 
of labeled substrate with the following specific activities were 
included in each vessel: glycine-1-C™ (26,600 ¢.p.m. per umole), 
glycine-2-C™ (100,000 ¢.p.m. per umole), or sodium formate-C™ 
(40,000 c.p.m. per umole). The incubation was carried out in 
a Dubnoff metabolic shaker at 37° in air in a special 20-ml. 
beaker without lip and covered with a tight rubber cap; a center 
well contained 0.2 ml. of 5N NaOH. After 1 hour of incubation 
with shaking, 0.2 ml. of 6 nN HCl was injected into the main 
compartment to stop the reaction. The vessels were shaken for 
an additional 10 minutes in order to absorb all the released C“O, 
in the center well. The contents of the center well were collected 
quantitatively by washing with CO-.-free H.O; 250 umoles of 
Na2CO; were added, and an aliquot (,1; of total) was added to 
5 per cent BaCl,. The resulting BaCQs; was collected on a filter 
paper, washed with H.,O, dried with acetone, and assayed for 
C directly on the filter paper. The samples were assayed in 
duplicate in a flow counter and corrected to infinite thinness (11), 
and the corrected counts per minute were calculated to give the 
number of mumoles of each substrate converted to COs. Liver 
xanthine oxidase was determined by the procedure of Axelrod 
and Elvehjem (12) and the activity was expressed as c.mm. of O, 
per 20 min. per 283 mg. of fresh liver. 


RESULTS 


Molybdenum Deficiency—The oxidation of formate was de- 
pressed when the liver xanthine oxidase was depleted (Table I). 
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TABLE I 
Effect of molybdenum deficiency on oxidation of formate and glycine 
carbons to COz by rat liver homogenates 


| Substrate oxidized to CO2* 


| No. of Xanthine 


Diet 

53 rats | oxidase | Formate- | Glycine-1- | Glycine- 

| cu cu 

myumoles/hr./40 mg. fresh liver 
Purina dog chow...... 6 25 282 + 7 |319 + 1653 + 5 
NS ee & 10 223 + 19308 + 4216 + 5 
24% casein+ W..... 12 O+ | 59 + 6 (262 + 2212 + 2 

24% casein + W + 

15 208 + 13288 + 2814 + 2 


* Standard error of the mean is given. 

t The livers with zero xanthine oxidase activity, measured 
manometrically, contain a small amount of the enzyme when 
measured by its ability to form allantoin (13). 

t 50 mg. Na2MoQ,-2 H:O per kg. of diet. 


TABLE II 


Effect of folic acid deficiency on oxidation of formate and glycine 
carbons to CO2 by rat liver homogenates 


Substrate oxidized to CO: 
No. of 
rats Formate- | Glycine-1- | Glycine-2- 
cu cu 
mpmoles/hr./40 mg. fresh liver 
Purina dog chow......| 8 265 + 19 286 + 32 ' 50 + 5 
223 + 19 | 308 + 42 164 5 
24% casein + folic | | 
acid + vitamin Bis + 
160 + 16 357 + 45 70 + 8 
24% casein + folicacid. 9 I8S3 + 14 409 + 27 70 + 6 
24% casein + vitamin | 
170 + 19 370 + 27. 2+ 4 
24% casein + biotin... 9 173 + 16 | 254 + 31 18 + 4 


Only 59 mumoles of formate were converted to CO. when the 
liver xanthine oxidase was “‘zero,”’ as compared with 208 to 282 
mumoles of formate oxidized to COs. when the liver xanthine 
oxidase was 10 to 25. The addition to normal liver of 77 yg. of 
2-amino-4-hydroxy-6-pteridinecarboxaldehyde, a xanthine oxi- 
dase inhibitor (14), allowed only 50 mumoles of formate to be 
oxidized. Pigeon liver, which is devoid of xanthine oxidase, 
oxidized 45 mumoles of formate either in the presence or absence 
of the pteridylaldehyde inhibitor; hence small amounts of for- 
mate can be oxidized in the absence of xanthine oxidase (or 
similar Mo enzymes). Aebi et al. (15) found that formate was 
oxidized more slowly in pigeon liver than in the livers of other 
species studied and reported a relationship between the rate of 
formate oxidation and catalase activity. 

The conversion of the carboxyl carbon of glycine to CO» was 
relatively unaffected by the variations in the liver xanthine oxi- 
dase, although this conversion was slightly depressed by tung- 
state feeding. 

Livers from animals receiving the purified diet unfortified with 
folic acid, vitamin Bye, or biotin, irrespective of the tungstate or 
molybdate content, oxidized only 12 to 16 mymoles of the a-car- 
bon of glycine to CO». Livers from rats fed Purina dog chow 
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oxidized 53 mumoles. As shown below, this difference was due 
to the omission of folic acid from the purified diets. 

Folic Acid “ Deficiency’’—The addition of folic acid to the puri- 
fied diet, either alone or in combination with vitamin By). and 
biotin, markedly increased the capacity of the liver to oxidize 
the a-carbon of glycine (Table II). Seventy myumoles of gly- 
cine-2-C™ were oxidized to CO, by livers obtained from rats 
receiving the purified diet plus folic acid, whereas only 16 to 20 
mumoles were oxidized by livers from rats fed the purified diet 
with or without biotin and vitamin Bi... Apparently the mecha- 
nism by which the a-carbon of glycine is converted to COsz is 
very sensitive to the amount of folic acid in the diet. However, 
the conversion of the carboxy] carbon of glycine to CO, was af- 
fected much less on a percentage basis by dietary folic acid; 
the values for the 24 per cent casein diet with and without bio- 
tin were 254 and 308, respectively, whereas in the presence of 
folic acid or vitamin B,2 or both they were 357 to 409 myumoles. 
With normal liver, the carboxy] carbon of glycine was converted 
to COs, at least 5 times as rapidly as the a-carbon. This is in 
agreement with the results obtained by Nakada and Weinhouse 
(16). 

A relationship of folic acid to the metabolism of the a-carbon 
of glycine has been demonstrated previously in several ways. 
There is a decreased rate of formate and CO: production in vivo 
by folic acid-deficient rats (7). Vohra et al. (17) found a de- 
creased incorporation of glycine-2-C" in the 3 position of serine 
by liver homogenates of folic acid-deficient turkey poults. 
Kratzer and Lantz (18) could counteract glycine toxicity in poults 
by increasing the intake of folic acid. They believed that gly- 
cine manifests its toxicity by creating a folic acid deficiency. 
The results in this paper show that there is much less of a folic 
acid requirement for decarboxylation of glycine than for the 
metabolism of the a-carbon. 

The folic acid, as tetrahydrofolic acid (19), must transfer much 
of the a-carbon of glycine to some acceptor in the liver homoge- 
nate, because only one-fifth as much a-carbon as carboxyl carbon 
goes to CO.. Since the incorporation of glycine-2-C™ into the 3 
position of serine is decreased in folic acid deficiency, glycine must 
be one such acceptor. 

Vitamin B, Deficiency—A vitamin Bg deficiency decreased the 
rate of CO, formation from all three of the radioactive substrates 


Tasce III 


Effect of vitamin Bg deficiency on oxidation of formate and glycine 
carbons to CO~ by rat liver homogenates 


| 
Substrate oxidized to CO» 
| | Formate-C'* | Glycine-1-C™ | 
= +Pyri +Pyri- 
doxa!l doxal- doxal- 
5’-P* | 5’-P 5’-P 
Vitamin Beg- | | | 
deficient....| 12 75 109 397 44 70 
411) +13) +20 425 £5 
Control....... 9 123/248 162 627730 129 
+16, £13) +36) +9 +11 


* Per vessel, 0.3 mg. of pyridoxal-5’-P-H,O. 


| 

a 

| | 


July 1959 


(Table III). The addition of pyridoxal-5’-phosphate to the 
liver homogenate stimulated the formation of CO, from both 
glycine carbons in both the deficient and control homogenates. 
With the deficient livers the formation of CO, from the carboxy] 
and a-carbons of glycine was increased 75 and 61 per cent, re- 
spectively, by the addition of pyridoxal-5’-P in vitro. The oxi- 
dation of the two substrates was stimulated 16 and 37 per cent, 
respectively, in the control homogenates. 

These results indicate that pyridoxal-5’-phosphate is required 
early in glycine metabolism but do not clarify the pathway by 
which CO, is formed. Pyridoxal-5’-P could be involved in a 
glycine transamination reaction to yield glyoxylate (20) or in the 
succinate-glycine cycle to form 6-aminolevulinie acid (21, 22). 
If the metabolism were through serine, pyridoxal-5’-P could be 
involved in a reversal of the reactions by which serine is con- 
yerted to glycine, as described by Huennekens et al. (23). 

The decreased formate oxidation by vitamin B,-deficient livers 
was apparently due to a decreased liver xanthine oxidase. Ina 
comparable experiment, the average liver xanthine oxidase ac- 
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tivity of ten rats, weighing 93 gm. after 16 days on the deficient 
diet, was 7 c.mm. of O2 per 20 minutes. Control rats receiving 
the same diet plus vitamin B, weighed 137 gm. and had an aver- 
age liver xanthine oxidase activity of 25. Pyridoxal-5’-P, added 
in vitro, decreased formate oxidation in both the control and de- 
ficient homogenates and acted as an inhibitor of xanthine oxidase. 


SUMMARY 


1. The oxidation of formate to CO, by rat liver homogenates 
depleted of xanthine oxidase was decreased. 

2. An impaired conversion of glycine a-carbon and, to a much 
lesser extent, of carboxyl carbon to CO: was found in homoge- 
nates of livers from rats fed a purified diet unsupplemented with 
folic acid. 

3. CO: formation from both glycine carbons and from formate 
was decreased in homogenates of livers from vitamin B,-deficient 
rats. Pyridoxal-5’-phosphate, added in vitro, enhanced the CO. 
production from both glycine carbons in the control as well as 
the deficient livers. 
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An enzyme which catalyzes the cleavage of S-adenosylmethio- 
nine to 5’-methylthioadenosine and a-amino-y-butyrolactone has 
recently been found in bacteria (1) and yeast (2).1. The analo- 
gous reaction occurs nonenzymatically when S-adenosylmethio- 
nine is heated at slightly acid pH (4). On chemical grounds, the 
over-all reaction may be pictured as proceeding either through a 
displacement with nucleophilic attack by a carboxyl oxygen of 
S-adenosylmethionine on the y-carbon atom adjacent to the ac- 
tivating sulfonium center (2) (Equation 1), or through an initial 
elimination reaction, forming 2-amino-3-butenoic acid, followed 
by an addition to form the lactone (Equation 2). 


H; NH;3® 
A—R—S + CH:CH:CHC=O 
H; 
— 
dn, 
A—R—S + [CH:—CH—CHCOO®] + H* 
CH; (2) 
J H®* 
O 
H.—CH—CH—C=0O 
H* NH;:@® 


The second alternative is suggested both by the chemical prop- 
erties of sulfonium compounds (5), and by known enzymatic re- 
actions since the first step is analogous to the enzymatic forma- 
tion of acrylic acid from dimethylpropiothetin (6), while the 
second resembles the lactonization of cts, cts-muconic acid by ad- 
dition across a double bond (7). 

Since, as far as we are aware, 2-amino-3-butenoic acid is an un- 
known compound, a number of simple experimental approaches 
to discriminate between these pathways are not possible. How- 
ever, it is apparent that the two pathways may be differentiated 


*The 16th paper in a series on enzymatic mechanisms in 
transmethylation. 

1 More specifically, the yeast enzyme has been shown to de- 
compose only (—)-S-adenosylmethionine, where the (—) refers to 
the rotation of the asymmetric sulfonium center (3). 


by the fact that only in the second one does the a-amino-y-bu- 
tyrolactone contain a nonexchangeable hydrogen which arises 
from the solvent. Thus, if the reaction be carried out in tritiated 
aqueous solution, the absence of tritium in the lactone product 
rules out pathway 2. The present paper reports such a study in 
which a partially purified yeast enzyme was used. The homo- 
serine formed was isolated and found to contain so small an 
amount of radioactivity that pathway 2 is excluded for this enzy- 
matic reaction. 


EXPERIMENTAL 


Incubations in tritiated water were carried out under the con- 
ditions indicated in Table I. Aliquots of the reaction mixtures 
were taken initially for determination of the specific activity of 
the water. After incubation, suitably prepared aliquots of the 
deproteinized supernatant fluid were used for isolation of the 
amino acid product by means of a column of Amberlite IRC-50 
(XE-64) resin as previously described (2), but with the following 
modifications. The samples were loaded on a column of resin 
(1 X 4 em.) prepared by washing the acid form of the resin suc- 
cessively with 50 ml. of potassium acetate buffer, pH 5.3, 0.25 , 
followed by 10 ml. of a 1:25 dilution of the same buffer. The 
first fraction was eluted with 15 ml. of HO and contained the 
amino acid product. To elute the second fraction, the column 
was washed successively with 25 ml. of 0.1 M potassium phosphate 
buffer, pH 6.9, and with 25 ml. of a 1:10 dilution of this buffer. 
This fraction contained the 5’-methylthioadenosine, and was used 
to determine the extent of the reaction. The third fraction, 
eluted with 17 ml. of 4.0 N acetic acid, contained the S-adenosy]- 
methionine. | 

Since homoserine incubated in the tritiated medium would con- 
tain exchangeable tritium in the hydroxyl, carboxyl, and amino 
groups, it was necessary to remove such tritium. To accomplish 
this, the samples of the first fraction were evaporated to dryness, 
the residues taken up in water and the solutions lyophilized. 
The procedure of dissolving and lyophilizing was repeated three 
more times the first time with water as solvent and the second 
and third times with aqueous hydrochloric acid. To free the 
samples from salts, they were dissolved in a small volume of 1.5 N 
HCl and absorbed successively on Dowex 50(H*) and Dowex 
1(OH-), being eluted each time with 1.5 ~ HCI(9). The final 
eluates were lyophilized to dryness, dissolved in a small volume 
of water, and chromatographed on Whatman No. 1 paper with a 
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TABLE 
Radioactivity of samples of homoserine 

The samples contained (in wmoles): potassium acetate, pH 5.7, 50; potassium phosphate, pH 5.7, 30. Other components (added 
only where indicated) were: cleaving enzyme (2), specific activity 0.41, 2.7 mg. of protein in 0.3 ml. of potassium phosphate, 0.01 m, 
pH 7.0; S-adenosylmethionine, synthesized by the methionine activating enzyme of rabbit liver (8); homoserine-homoserine lactone 
mixture. (A 1.0 M solution of pL-homoserine was equilibrated at room temperature in6N HCl. Immediately before use, it was suit- 
ably diluted in ice-cold water, and KOH sufficient to neutralize 90 per cent of the HCl was added cautiously with stirring.) Enzyme, 
S-adenosylmethionine, and homoserine were replaced where omitted by the appropriate buffer or salt solutions. All vessels contained 
approximately 10 me. of tritium; final volume was 1.0 ml. The initial pH (determined at 23°) was 5.7. The reaction was started by 
the addition of enzyme and 0.005-ml. aliquots were taken immediately for determination of the specific activity of the solvent. The 
specific activity of the H* is taken as one-half of that of the H:O. Incubation conditions were as indicated. The reaction was ter- 
minated by the addition of 0.1 ml. of 15 per cent perchloric acid and the precipitated protein removed by centrifugation. Aliquots 
of the supernatant fluid were brought to pH 5 to 6 by the cautious addition of an ice-cold solution of KOH. After removal of insol- 
uble perchlorate salts by centrifugation, aliquots of the supernatant fluid were fractionated by the use of Amberlite IRC-50 (XE-64) 
columns as described in the text. The amount of ultraviolet absorbing material in Fraction 2 was calculated assuming FE = 15.4 at 


259 mu. The change in this value is attributed to the formation of 5’-methylthioadenosine. 


Homoserine was isolated as described 


in the text. All radioactivity values have been corrected for background and for counting efficiency through the use of an internal 
standard. 
Sample | f | dated (b)/(a 
Homoserine, | s.adenosyl- | (a) Ht of 
methionine Enzyme | Total Change pa (6) Homoserine 
pmoles pmoles pmoles pmoles pmoles 
3 37°; 180 min- | 0.066 0.74 163 0.1 0 
utes 
2 3 37°; 180 min- 0.252 0.19 0.04 151 0 0 
utes 
3 3 37°; 180 min- 0.060 0.90 164 1.0 0.006 
utes 
4 5 37°; 180 min- 2.04 1.98 0.37 148 2.2 0.015 
utes 
5 3 100°; 15 min- 2.99 2.93 1.12 170 6.7 0.039 
utes 
7.8* 0.046* 
* After third treatment with 6 n HCl. 
solvent consisting of isopropanol, 75 volumes, 20 per cent pyridine RESULTS AND DISCUSSION 
in water (volume for volume), 30 volumes. The material in the ; ; 
aide ( )s The results of the experiment are given in Table I. In the last 


samples was located with the ninhydrin reagent by spraying small 
strips cut from the chromatograms. The material appeared as 
one band which corresponded in location to authentic homoserine 
run in parallel to the samples. (This solvent system does not re- 
solve homoserine from its lactone or from threonine.) The chro- 
matograms were then scanned for radioactivity. Only in sample 
5 (see Table I) was significant radioactivity found. This radio- 
activity was located in the region of the ninhydrin reactive band. 
To achieve greater sensitivity and to make possible the meas- 
urement of specific activities, the homoserine bands of all of the 
samples were cut from the paper and eluted with water. Ali- 
quots of the eluates were made alkaline with NaOH and taken to 
dryness in a desiccator over concentrated H.SO, to remove any 
ammonia (10), and then used for quantitative ninhydrin determi- 
nation (11). Paper blanks under these conditions gave no signifi- 
eant ninhydrin color. Other aliquots were dried (without base), 
dissolved in Hyamine, and used for determination of radioactivity 
in a scintillation counter essentially as suggested by Passmann, 
etal. (12). A third aliquot of the sample 5 eluate was dried and 
treated again with aqueous hydrochloric acid. This sample was 
then lyophilized, dissolved in water, and aliquots were taken for 
determination of ninhydrin color and radioactivity as above. 


column are shown the calculated ratios of the specific activity of 
the isolated homoserine samples to the specific activity of the 
hydrogen? ion species of the incubation medium. If each mole- 
cule of homoserine lactone, as it formed, took up a hydrogen ion 
from the medium (as it would if 2-amino-3-butenoic acid were an 
intermediate), this ratio would be 1.00. It is seen that the homo- 
serine resulting from the thermal decomposition of S-adenosyl- 
methionine (sample 5) has become labeled to about 4 per cent of 
this maximal figure. Although this probably indicates that at 
least part of the homoserine arises via 2-amino-3-butenoic acid, 
it is possible that the uptake of hydrogen occurs before or after 
the conversion of S-adenosylmethionine to homoserine lactone 
rather than during this process. To rule out these possibilities, 
further experimentation is required. This result is included here 
primarily because it shows that the methods used were sufficiently 
sensitive to detect a small degree of incorporation of tritium. 
Again, comparison of the specific activities of the homoserine be- 
fore and after the third acid treatment shows that, under these 


2 For the purposes of this paper, the word hydrogen or the 
symbol H may be taken to refer to the appropriate mixture of 
1H! and 1H?3. 
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conditions, there occurred no removal of tritium from the homo- _ by the finding that the chemically formed homoserine contained 
serine so that the label was truly nonexchangeable. Third, the nonexchangeable tritium. In the light of these considerations, 
two figures give an estimate of the probable experimental error. _ it is felt that this difficulty may be disregarded in interpreting the 
The homoserine formed enzymatically (sample 4) contains less __ results. 
radioactivity (1.5 per cent of the theoretical maximal value of A second difficulty is the isotope selection effect which in the 
1.00). This value must be corrected by subtracting from it a present case might reduce the uptake of tritium. The extent of 
value due to incorporation of radioactivity into homoserine-ho- this reduction depends upon the specific reaction occurring, but 
moserine lactone incubated with enzyme (i.e. approximately 0.6 would be expected to be minimal in the nonrate-determining pro- 
per cent as determined from sample 3). In addition, acorrection tonation of an sega compound. Therefore it is felt that 
for the tritium in the homoserine which resulted from chemical _ the sensitivity of the present experiment is sufficiently great so 
rather than enzymatic decomposition of the S-adenosylmethio- that, if the major pathway were through 2-amino-3-butenoic acid, 
nine is required. From the values for 5’-methylthioadenosine in ti 
samples 2 and 4, one can calculate that approximately (} X .19)/_ i cluded that this pathway is not the mechanism of the enzy- 
1.98 = 16 per cent of the total homoserine in sample 4 arises by tic reaction. 
chemical breakdown. This homoserine would be labeled to t Experimental exclusion of this mechanism greatly increases 
extent of 4.3 per cent (7.e. the average of 3.9 per cent and 4.6per _ the probability that the over-all reaction can be formulated as a 
cent, determined from sample 5), and would therefore co utea nucleophilic displacement reaction. This formulation is in ac- 
value of 4.3 per cent 0.16 = 0.7 per cent to the radioactivity cord with a similar picture of the many reactions in which S- 
found in sample 4. If both these corrections are applied, the ex- adenosylmethionine acts as a methyl donor (2). 
tent of labeling of the enzymatically formed homoserine is 1.5 — 
0.6 — 0.7 = 0.2 per cent of the theoretical maximum, thus de- SUMMARY 
creasing the value for the radioactivity found in the homoserine 
of sample 4 until it is below the range of the experimental error. 
Although the quantitative accuracy of these corrections may 
be open to question, it appears from the results at hand that the 
incorporation of tritium during the enzymatic reaction is cer- 
tainly less than 1 per cent of the maximum expected if 2-amino- 
3-butenoic acid were an obligatory intermediate. Two further 
difficulties arise in interpreting this figure. First is the possi- Acknowledgments—The author would like to thank Dr. G. L. 
bility that the 6-hydrogen of homoserine may be exchangeable Cantoni for advice and encouragement. He is also indebted to 
under the conditions used in isolating the homoserine. This is Dr. D. Brown and Dr. E. La Brosse for help in counting the tri- 


unlikely on chemical grounds, and is rendered even less likely _ tiated samples. 


Evidence is presented which tends to exclude 2-amino-3-bu- 
tenoic acid as an intermediate in the cleavage of S-adenosylmethi- 
onine to a-amino-y-butyrolactone by a partially purified yeast 
enzyme. This finding strengthens the formulation of the over-all 
reaction as a direct nucleophilic substitution. 
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The activity of the mammalian liver tryptophan pyrrolase 
(peroxidase-oxidase) (1) was greatly increased after the injec- 
tions of tryptophan (2). It was later found that increased liver 
enzyme levels could be produced by various stressing conditions 
and by injection of such substances as histidine and tyrosine (3) 
and histamine and adrenaline (4) in intact animals, and by 
adrenocorticotropic hormone (5) and the glucocorticoid hormones 
(6, 7), as well as tryptophan in adrenalectomized animals. These 
experiments indicated that there were two types of inducing 
agents, the substrate and an adrenal hormone, and that the en- 
zyme could be induced in adrenalectomized rats by the substrate 
independently of the hormone. It remained to be determined 
whether the hormonal induction was brought about independ- 
ently of the substrate concentration or secondary to an increase 
in the level of tryptophan in the tissues produced by the gluco- 
corticoid hormones. The glucocorticoid hormones cause in- 
creased protein breakdown in the rat (8), with increased free 
amino acid levels in muscle, kidney, and liver (9, 10). 

Independence of the substrate and hormonal inductions was 
implicit in the findings that the effect of hydrocortisone on the 
enzyme level was enhanced in hypophysectomized rats, while 
that of tryptophan was decreased (6, 11). Better evidence was 
needed in this identification of a hormone as a direct inducer of 
an enzyme, because of the possible importance of this as a way 
for hormones to act in biological systems. Therefore, the free 
tryptophan levels in blood and liver and the excretion of trypto- 
phan metabolites in the urine during induction of the enzyme by 
tryptophan and by hydrocortisone were determined. The addi- 
tive effects of tryptophan and hydrocortisone given simultane- 
ously to adrenalectomized rats, and the comparative actions of 
these inducers on enzyme formation in liver slices were also de- 
termined. The results indicated that hydrocortisone was a pri- 
mary inducer of the enzyme which acted independently of the 
tryptophan concentration in the cells. Preliminary reports of 
this work have appeared (12-15). 


EXPERIMENTAL 


Materials and Methods 


Animals—Male Wistar rats, 2 to 4 months old, fed Purina 
chow pellets ad libitum were used. The vitamin Be-deficient 
diet was obtained from Nutritional Biochemicals Corporation. 


* This investigation was supported by United States Public 
Health Service Grant A567 and by United States Atomic Energy 
Commission Contract No. AT (30-1)-901 with the New England 


Deaconess Hospital. 


Bilateral adrenalectomies were performed under hexobarbital 
anesthesia about a week before the rats were used. The adre- 
nalectomized rats were maintained by the subcutaneous injec- 
tion of 0.5 mg. per day of deoxycorticosterone acetate (Doca 
Acetate, Organon, Inc.). Injections of inducing agents were 
given intraperitoneally as neutralized solutions or suspensions 
in 0.9 per cent NaCl. The use of lyophilized .-tryptophan 
greatly facilitated its administration. Hydrocortisone was 
given as the water soluble, sodium succinate ester (Solucortef, 
Upjohn). 

Enzyme Assay—Rats were stunned by a blow and then de- 
capitated. The liver was removed rapidly, washed in cold run- 
ning water, blotted, and chilled on crushed ice. Liver slices 
were cut with a Stadie tissue slicer. Tryptophan pyrrolase as- 
says were always made on liver homogenates. These were pre- 
pared directly or from slices by the method of Knox and Auer- 
bach (7), in which the amount of kynurenine, expressed as 
moles per gm. dry liver per hour, formed under standard con- 
ditions by two concentrations of enzyme was measured spectro- 
photometrically. This assay was modified by the addition of 
1.25 K 10-5 m Na azide to the control without substrate to 
inhibit oxidation of tryptophan carried over from animals which 
had received injection or from incubated slices, and by the addi- 
tion of a peroxide-generating system consisting of glucose oxidase, 
glucose, and catalase (16), in order to guarantee maximal activ- 
ity. It was found that 15 to 20 units of glucose oxidase! gave 
maximal activity when 10 ug. of catalase and 100 umoles of 
glucose were present in the assay system. After some of the 
liver slice incubation experiments, tryptophan pyrrolase was 
also assayed by estimating tryptophan disappearance from the 
homogenate mixture. 

Tryptophan Determinations—F ive to 10 gm. of liver and 5 to 
10 ml. of whole blood were used for these determinations. Fil- 
trates of liver and blood were prepared by the method of Schurr 
et al. (17), which involved tungstic acid precipitation of the quick 
frozen sample. A cation exchange resin was used to concen- 
trate the free tryptophan present and to remove inhibitors in 
the extracts before determination. About 0.2 gm. of wet, 200 
to 400 mesh, 4 per cent cross-linked Dowex 50(H form) was 
purified (18) and placed in a 40-ml. round bottomed centrifuge 
tube with 10 to 15 ml. of the tissue filtrate. The mixture was 


1 One unit of glucose oxidase catalyzed the uptake of 1 ul. of O2 
in 10 minutes at 37° in air and in the presence of 0.3 m glucose, 
0.07 m phosphate (pH 5.6), 10 ug. of catalase, and 0.005 m Na 
Versenate. 
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agitated with a magnetic stirrer for 15 minutes, the resin cen- 
trifuged down, and the supernatant fluid was sucked off and 
discarded. The resin was transferred quantitatively to a 15-ml. 
conical centrifuge tube with distilled water, recentrifuged, and 
the wash water removed by suction. Tryptophan was eluted 
from the resin by shaking with 2 ml. of 3 Nn NH,OH for 2 min- 
utes. A 1-ml. aliquot of the eluate after centrifugation was 
taken for analysis by the colorimetric method of Spies and 
Chambers (19), and compared with internal and external stand- 
ards determined at the same time. The same colorimetric 
method was used on metaphosphoric acid filtrates of the enzyme 
reaction mixture to determine the rate of tryptophan disappear- 
ance in some experiments. 

The recovery of 20 to 100 ug. of added tryptophan in the above 
procedure was about 85 per cent from aqueous solutions and 60 
per cent from liver tissue filtrates. The recovery of tryptophan 
was determined with each group of samples analyzed, and the 
amounts were corrected for this recovery. The level of liver 
free tryptophan determined by this method averaged 15.0 ug. 
per gm. of wet liver in 6 unfasted rats (range, 11.6 to 19.4 yug.). 
Mean values of 15.6 wg. per gm. in unfasted (17) and 19.0 ug. per 
gm. in fasted rats (9) have been determined by others with 
microbiological assays. 


RESULTS 


Effects of Tryptophan and Hydrocortisone Injections on Blood 
and Liver Free Tryptophan Levels and on Liver Tryptophan Pyr- 
rolase Activity—Rats were killed at intervals after the adminis- 
tration of tryptophan or hydrocortisone. Fig. 1 shows the liver 
and blood free tryptophan levels and tryptophan pyrrolase activ- 
ities at intervals over a 10-hour period after the injection of 50 
mg. of L-tryptophan per 100 gm. of body weight. Free tryp- 
tophan levels in the blood equalled those in the liver throughout 
the period. There was a sharp, 25-fold rise in the free tryp- 
tophan concentration within the first half hour, which then fell 
rapidly and reached the normal value about 5 hours after injec- 
tion. The tryptophan pyrrolase activity increased significantly 
after 100 minutes, reached maximal values as high as an 8-fold 
increase after 5 hours, and returned to normal levels (7.4 + 2.1) 
after 10 hours. 

When rats were given injections with the smaller dose of 10 
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Fic. 1. The effect of L-tryptophan (50 mg. per 100 gm. of body 
weight) injected into rats at 0 minutes on the free tryptophan in 
liver (@——®@) and blood (X——%X) and on the liver tryptophan 
pyrrolase activity (O——O). 
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Fic. 2. The effect of a smaller tryptophan injection (10 mg. per 
100 gm. of body weight) on free liver tryptophan (@——@) and 
liver tryptophan pyrrolase activity (O——O). 
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Fic. 3. The effect of hydrocortisone (1.5 mg. per 100 gm. of 
body weight) injected into rats at 0 minutes on the free trypto- 
phan in liver (@——@) and blood (X——X) and on the liver 
tryptophan pyrrolase activity (O——O). 


mg. of L-tryptophan per 100 gm. of body weight (Fig. 2), the 
liver free tryptophan level rose to 6 times normal within 20 
minutes and returned to the normal level in about 90 minutes. 
Tryptophan pyrrolase activity was 3 times the normal value at 
60 minutes and decreased gradually to the normal level. This 
last experiment indicated that even a relatively small amount 
of L-tryptophan produced a small increase in enzyme activity, 
preceded by an easily detectable increase in both the blood and 
liver free tryptophan levels. 

Fig. 3 shows that 3 hours after injection of hydrocortisone (1.5 
mg. per 100 gm. of body weight), the tryptophan pyrrolase ac- 
tivity increased 5 times above the normal value but the liver 
free tryptophan did not rise above its normal value. The 5-fold 
increase in enzyme activity without change in the free tryptophan 
level is to be compared with the 8-fold increase in enzyme pro- 
duced by the higher dose of tryptophan (Fig. 1) and to the 
3-fold increase produced by the lower dose of tryptophan (Fig. 
2), both associated with increases in the free tryptophan levels. 

Excretion of Tryptophan Metabolites After Injection of Tryp- 
tophan and Hydrocortisone—The possibility was considered that 
with hydrocortisone treatment there could be an increased flow 
of tryptophan into the liver cells, and if the metabolism of tryp- 
tophan kept pace with this inflow, there would be no detectable 
increase in the free tryptophan level. However, increased 
amounts of the various aromatic metabolites derived from tryp- 
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TABLE 
Additive inductions of tryptophan pyrrolase in rats by 
tryptophan and hydrocortisone 
All animals were adrenalectomized 4 days before use. Each 
yalue is the mean of the activities of 4 animals. The control rats 
were injected with 1 ml. of 0.9 per cent NaCl per 100 gm. of body 
weight, and the induced rats were given injections of 50 mg. of 
L-tryptophan and 1.5 mg. of hydrocortisone per 100 gm. of body 
weight. 


| Increase over 


Enzyme 
Treatment control activity 
| pmoles/gm. dry o 
weight/hr. 
L-Tryptophan and hydrocortisone... 62.8 1030 


tophan would be formed. In the normal animal only trace 
amounts of these compounds are excreted in the urine (20) since 
they are mainly degraded to unknown nonaromatic compounds 
(21), but their excretion is greatly accentuated in vitamin Be- 
deficient animals. Vitamin Be-deficient rats were therefore 
examined for aromatic metabolites of tryptophan in the urine 
as an index of any increased flow of tryptophan into the liver 
cells produced by hydrocortisone treatment. 

Both normal and deficient rats that had been given injections 
with 50 mg. of L-tryptophan per 100 gm. of body weight ex- 
ereted, over the following 24 hours, amounts of kynurenic acid, 
xanthurenie acid, kynurenine, and 3-hydroxykynurenine which 
were casily detected in the urine by paper chromatography of 
precipitated concentrates according to the method of Dalgleish 
(22). The amounts were about 4 times greater from the defi- 
cient rats than from the normal rats. When normal and vita- 
min Bg-deficient rats were given injections of 1.5 mg. of hydro- 
cortisone per 100 gm. of body weight,? only traces of kynurenic 
and xanthurenic acids could be detected, and these only in the 
urine of the deficient animals. These small amounts of kynu- 
renic and xanthurenic acids may have resulted from the action 
of the adaptively increased enzyme on the normal amounts of 
tryptophan present in the liver, rather than from any markedly 
increased flow of tryptophan into the liver. 

Additive Inductions of Enzyme by Tryptophan and Hydrocorti- 
sone—Adrenalectomized rats were used to avoid any stress-in- 
duced adrenal gland secretions when tryptophan was injected. 
Table I indicates that the two inducers given together to adre- 
nalectomized rats increased the level of enzyme to approximately 
equal the sum of the levels given by each inducer singly. If 
instead of a linear dose-response relationship with tryptophan 
as the inducing agent which Lee reported (23), a nonlinear dose- 
response relationship is assumed as reported by Schor and 
Frieden (24), tryptophan and hydrocortisone given together 
would seem to act in synergy. With either relationship, each 
inducer was at least normally active when it was given with a 
near-maximal dose of the other. 

Enzyme Induction in Liver Slices—Efimochkina (25) reported 
that when rat liver slices were aerobically incubated for 1 hour 


? Vitamin Bg deficiency did not significantly affect the hydro- 
cortisone induction of tryptophan pyrrolase. Two rats induced 
with 1.5 mg. hydrocortisone per 100 gm. of body weight had en- 
zyme activities of 52.0 and 38.2. 


M. Civen and W. E. Knox 
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at 37° in Krebs-Ringer-bicarbonate-glucose solution with 4.16 
mM added L-tryptophan, tryptophan pyrrolase activity increased 
about 5-fold. On repetition of these experiments, with her in- 
cubation conditions and assaying enzyme activity, both by her 
method (tryptophan disappearance) and by kynurenine forma- 
tion, no increase in liver tryptophan pyrrolase activity was found 
(Table II). The initial enzyme level was preserved, however, 
during incubation with tryptophan. Without tryptophan the 
enzyme level decreased. Other experiments carried out under 
incubation conditions which more closely approximated the con- 
ditions of the in vivo adaptation resulted in increased enzyme 
activity and permitted comparison of the substrate- and hor- 
mone-induced adaptations in a system in vitro. 

The liver slices were incubated at 37° in an isotonic medium 
used for tissue culture and containing amino acids, vitamins, 
and salts (26), with and without 4.16 mM L-tryptophan. About 
0.5 gm. of liver was used in 12 ml. of medium containing 50 
umoles of L-tryptophan and gassed with 95 per cent O2-5 per cent 
CO,. The incubation time was extended to 3 or 4 hours. Af- 
ter incubation with added tryptophan, the tryptophan pyrrolase 
activity of homogenates made from the slices was increased 
from the average basal level of 7.4 to 10.8 umoles per gm. dry 
weight per hour (Table III). Incubation without tryptophan 


TaBLe II 
Tryptophan pyrrolase activity of liver slices incubated with 
tryptophan in simple medium 

Incubations were at 37° for 1 hour in Krebs-Ringer bicarbonate- 
glucose solutions containing 4.16 mM L-tryptophan. Tryptophan 
pyrrolase activities were measured in homogenates by both tryp- 
tophan disappearance and kynurenine formation. Each value 
is the average of three enzyme assays made on homogenates pre- 
pared from the incubated or unincubated slices. 


Tryptophan disappearance Kynurenine formation 


Unincubated | 


Incubated 


| 

Incubated 


Unincubated | 


pmoles/gm. dry weight/hr | pmoles/gm. dry weight/hr. 


6.2 | 7.0 | 7.2 | 6.7 
8.2 | 8.2 3.7 4.0 
7.2 | 6.3 | 7.0 8.5 


TaBLe III 


Induction of tryptophan pyrrolase in liver slices 
incubated in tissue culture medium 
Activities are the averages from separate homogenates, + 
standard deviation. The number of experiments is in brackets. 


Preparation Activity p value 
I. Original liver. ..... 7.4 + 2.1 (10) 
II. Incubated slices....| 4.3 + 1.5 (8) 0.01 (II versus I) 
III. Incubated slices, 
plus 35 wg. per ml. 
of hydrocorti- 
3.7 + 1.3 (5)| Not significant (III 
versus 
IV. Incubated - slices, 
plus 4.16 mM L- 
tryptophan...... 10.8 + 2.1 (13) 0.01 (IV versus 1) 
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lowered the enzyme level. Incubation of the liver slices with 
hydrocortisone in the medium did not modify the results ob- 
tained with or without added tryptophan. The ability of the 
preparation to respond to one inducer but not the other cannot 
now be explained, but it is taken as evidence for different ac- 
tions by the two inducers. 


DISCUSSION 


The equality of the free tryptophan concentrations in blood 
and liver at all levels indicated that tryptophan was very little 
concentrated by liver cells. The stimulation by hydrocortisone 
of the concentrative uptake into liver cells of the nonmetaboliz- 
able amino acid, a-aminoisobutyric acid, reported by Noall et al. 
(10) was not detected with tryptophan. There are probably 
groups of amino acids that are transported in different ways. 
Transport of tryptophan did not appear to be a limiting reaction 
in the induction of tryptophan pyrrolase. We also did not con- 
firm the opposite kind of effect, a maintenance of a normal liver 
level of tryptophan in the presence of elevated blood levels after 
tryptophan injection, that was reported by Lee (22). The 
method of tryptophan determination used in the latter experi- 
ments may not have been reliable. Our results indicated that 
the liver-free tryptophan level was elevated before the enzyme 
increased, and as the enzyme level rose, the tryptophan level fell. 

The occurrence of increased enzyme activity after several hours 
of incubation of slices in a complex medium adequate to support 
protein synthesis in the cells seems more important than the 
relatively small degree of this increase. Incubation with tryp- 
tophan in a simple medium preserved the initial amount of en- 
zyme, but did not increase it. Incubation without tryptophan, 
even in a complex medium, resulted in enzyme loss. Cell free 
tryptophan pyrrolase is known to be inactivated by incubation 
without substrate (2). The results indicated that the increase 
of enzyme induced by tryptophan in slices was not simple preser- 
vation, and that it was more complex than a simple activation 
of the enzyme since it required a complex medium. The results 
were compatible with the occurrence of new enzyme synthesis 
in the slices. 


Induction of Tryptophan Pyrrolase 
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Three types of evidence indicated that hydrocortisone induced 
tryptophan pyrrolase in a way separate from the induction by 
tryptophan: (a) the induction by hydrocortisone was not asso- 
ciated with increased levels of free tryptophan in the liver or an 
increased rate of tryptophan metabolism, both of which were 
easily detected with doses of tryptophan that produced smaller 
enzyme changes than those produced by the hydrocortisone 
used; (6) each inducer was fully effective in adrenalectomized 
animals in the presence of the other; and (c) liver slices which 
could be induced by tryptophan did not respond to hydrocorti- 
sone. The opposite alterations in the effectiveness of these two 
inducers in hypophysectomized rats that was cited earlier (6, 11) 
also indicated that these inducers acted in different ways. Two 
consequences of this conclusion should be noted. Any scheme 
for the control of the amount of a specific protein in cells must 
provide the means for at least two primary inducers to act in 
different ways. Secondly, the action of hormones as primary 
inducers of enzymes must be considered as one of the ways they 
can produce their biological effects. 


SUMMARY 


1. Hydrocortisone induction of increased tryptophan pyrrolase 
activity in rat liver was not associated with an increased level 
of free tryptophan in the liver of normal rats or with a signifi- 
cantly increased excretion of tryptophan metabolites by pyridox- 
ine deficient rats. 

2. Tryptophan induction of the enzyme increased both the 
free tryptophan of liver and the excretion of the metabolites by 
the deficient rats. 

3. The inducing effect of tryptophan and hydrocortisone 
given together was the sum of their separate actions. 

4. The enzyme in liver slices incubated in a complex medium 
was induced by tryptophan but not by hydrocortisone. 

5. The biological action of hormones as primary inducers of 
enzymes is suggested by this evidence that hydrocortisone has 
such an independent action on tryptophan pyrrolase. 


REFERENCES 


. Tanaka, T., AND Knox, W. E., J. Biol. Chem., 234, 1162 (1959). 
Knox, W. E., AND MEHLER, A. H., J. Biol. Chem., 187, 419 
(1950). 

Knox, W. E., AND MEHLER, A. H., Science, 113, 237 (1951). 

. Knox, W. E., Brit. J. Exptl. Pathol., 32, 462 (1951). 

GESCHWIND, I. I., anp Li, C. H., Nature, 172, 732 (1953). 

. Tuompson, J. F., anp Mixuta, E. T., Proc. Soc. Exptl. Biol. 

Med., 86, 29 (1954). 

. Knox, W. E., anp AveRBACH, V. H., J. Biol. Chem., 214, 307 
(1955). 

8. CuarkK, I1., J. Biol. Chem., 200, 69 (1953). 

9. SHEFFNER, A. L., AND BerGEIM, O., Arch. Biochem. Biophys., 
49, 327 (1952). 

. Noatu, M. W., Riaas, T. R., Watker, L. M., aNp CHRISTEN- 
sEN, H. N., Science, 126, 1002 (1957). 

11. Gescuwinp, I. I., anp Li, C. H., J. Clin. Endocrinol. and Me- 
tabolism, 14, 789 (1954). 

. Crven, M., ano Knox, W. E., Federation Proc., 16, 165 (1957). 

. Knox, W. E., Proceedings of the international symposium on 

enzyme chemistry, Maruzen Company, Ltd., Tokyo, 1957. 


14. Knox, W. E., in C. L. Prosser (Editor), Physiological adap- 
tation, American Physiological Society, Washington, 1958, 
p. 107. 

. CiveN, M., Ph. D. Thesis, Harvard University, 1958. 

. Woon, S., Rivuin, R. Knox, W. E., Cancer Research, 
16, 1053 (1956). 

. ScuurR, P. E., THompson, H. T., HENDERSON, L. M., 
-L.venJEM, C. A., J. Biol. Chem., 182, 29 (1950). 

. Moore, 8., AND STEIN, W. H., J. Biol. Chem., 192, 663 (1951). 

. Spies, J., AND CHAMBERS, D., Anal. Chem., 20, 30 (1948). 

Brown, R. R., AND Price, J. M., J. Biol. Chem., 219, 985 

(1956). 

. DALGLiEsH, C. E., Advances in Protein Chem., 11, 1 (1956). 

. Dareuiesnu, C. E., Biochem. J., 62, 1 (1952). 

. Lez, N. D., J. Biol. Chem., 219, 211 (1956). 

. Scuor, J. M., AND FRIEDEN, E., J. Biol. Chem., 233, 612 (1958). 

. Erimocukina, E. F., Biokhymia, 19, 68 (1954). 

. Eacue, H., J. Exptl. Med., 102, 595 (1955). 


— 


( 

f 

t 

| 

t 

n 

‘ 4 

5 

r 

a 

‘ 5 

4 

n 

ri 


No.7 


duced 
ion by 
&Sso- 
Or an 
1 were 
maller 
tisone 
mized 
which 
corti- 
two 
6, 11) 
Two 
‘heme 
must 
act in 
mary 
they 


rolase 

level 
ignifi- 
rid ox- 


h the 
es by 


‘isone 
dium 


‘rs of 
e has 


adap- 
1958, 
arch, 
AND 
951). 
985 


6). 


958). 


— 


Tue JOURNAL OF BroLocicaL CHEMISTRY 
Vol. 234, No. 7, July 1959 
Printed in U.S.A. 


Biosynthesis of the Purines 
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During the course of investigation of the reactions of purine 
biosynthesis catalyzed by enzymes of avian liver, 5-amino-1- 
ribosylimidazole 5’-phosphate! was isolated from enzymatic re- 
actions and shown to be converted to a later purine precursor, 
5-amino-1-ribosyl-4-imidazolecarboxamide 5’-phosphate (2). It 
has now been possible to fractionate this enzyme system and to 
demonstrate that the compound N-(5-amino-1-ribosy]-4-imida- 
zolylcarbonyl)-L-aspartic acid 5’-phosphate is an intermediate in 
this reaction. This new compound, which has been called triv- 
ially 5-amino-4-imidazole-N-succinocarboxamide ribonucleotide, 
has been isolated, purified, and characterized. The synthesis of 
succino-AICAR? from AIR proceeds as shown in Reaction 1. 


AIR + ATP + aspartic acid + CO. = 
succino-AICAR + ADP + orthophosphate 


An intermediate of this reaction, 5-amino-1-ribosyl-4-imidazole- 
carboxvlie acid 5’-phosphate has been discovered and reported 
(1). The present communication is concerned with the evidence 
for the occurrence of Reaction 1 and describes the isolation and 
characterization of succino-AICAR. 


EXPERIMENTAL 


Methods—The concentrations of AIR and AICAR were rou- 
tinely determined by the method for arylamines described by 
Bratton and Marshall (3). The quantities were reduced from 


* A preliminary report of this work has been published (1). 
This work has been supported by grants-in-aid from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service, and the National Science Foundation. 

+t Predoctoral fellow of the National Science Foundation (1954 
to 1956). 

‘The following are systematic and the corresponding trivial 
names, respectively, of the intermediates of purine biosynthesis 
mentioned in this paper: 2-formamido-N-ribosylacetamide 5’- 
phosphate, formylglycinamide ribonucleotide; 5-amino-1-ribosyl- 
imidazole 5’-phosphate, 5-aminoimidazole ribonucleotide; 5- 
amino - 1 - ribosyl - 4 - imidazolecarboxylic acid 5’-phosphate, 
5-amino-4-imidazolecarboxylic acid ribonucleotide; N-(5-amino-1- 
ribosyl-4-imidazolylearbonyl)-L-aspartie acid 5’-phosphate; 5- 
amino - 4 - imidazole - N - succinocarboxamide _ ribonucleotide; 
5-amino-1-ribosyl-4-imidazolecarboxamide 5’-phosphate, 5-amino- 
4-imidazolecarboxamide ribonucleotide. 

? The abbreviations used are: AIR, 5-aminoimidazole ribonu- 
cleotide; carboxy-AIR, 5-amino-4-imidazolecarboxylic acid ribo- 
nucleotide; AICAR, 5-amino-4-imidazolecarboxamide ribonucleo- 
tide; suecino-AICAR, 5-amino-4-imidazole-N -succinocarboxamide 
ribonucleotide; Tris, tris(hydroxymethyl)aminomethane. 


those used in the original procedure as follows: sample, 0.4 ml., 
0.2 wn H-SO,, 0.15 ml., and 0.05 ml. each of the solutions of nitrite, 
sulfamate, and N-(1-naphthyl)-ethylenediamine dihydrochloride. 
Since the color of the product formed from AIR is markedly in- 
fluenced by pH, 4 M sodium phosphate buffer, pH 1.4, has more 
recently been substituted for the 0.2 nw H.SO,;. The absorbance 
was measured by means of microcells in a Beckman DU spectro- 
photometer. The extinction coefficients of AIR and AICAR 
under these conditions are 24,600 (4) and 26,400 (5), respectively. 
For the measurement of AICAR in the presence of AIR, 0.1 ml. 
of 5 n H.SO, was added to the 0.40 ml. sample. The tube con- 
taining the sample was then capped with a glass marble and 
placed in a boiling water bath for 15 minutes. After cooling, the 
Bratton and Marshall procedure was resumed with the addition 
of the nitrite solution. This procedure completely destroys 
AIR but the aglycone portion of AICAR is still intact and may 
be quantitatively determined by the Bratton and Marshall 
procedure. 

Inorganic phosphorus was determined by the method of Go- 
mori (6) as was total phosphorus after digestion of the sample in 
10 n H.SO, for 90 minutes at 150°. For the determination of 
total nitrogen samples containing from 0.8 to 2.0 umoles of nitro- 
gen were digested according to the procedure described by Bal- 
lentine (7) for compounds containing heterocyclic nitrogen. Af- 
ter quantitative transfer to a Stotz® still and alkalization with 
saturated NaOH, approximately 6 ml. of each sample were dis- 
tilled over into 2 ml. of 0.1 n H.SO,. The distillate was diluted 
to 10 ml. with water and 3 ml. aliquots were analyzed for am- 
monia by the addition of 0.30 ml. of the Nessler’s reagent of 
Folin (8). The optical density at 424 my was measured in a 
Beckman DU spectrophotometer at exactly 20 minutes after 
the addition of the reagent. The method was reliable to within 
5 percent. Inorganic ammonia was determined by the identical 
colorimetric procedure, but without prior digestion or distilla- 
tion. Reagent grade ammonium sulfate was used as a standard. 

Pentose was determined by the orcinol method of Dische (9) 
except that a heating period of 70 minutes was employed. A 
series of studies have demonstrated that the N-ribosyl bond of 
succino-AICAR is hydrolyzed much less readily than is the cor- 
responding bond of 5’-AMP, the compound employed as the pen- 
tose standard. Although a maximal yield of color value was ob- 
tained by increasing the acidity of hydrolysis as prescribed in the 

* Purchased from Macalaster Bicknell Company, Cambridge, 
Massachusetts. 
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Dische modification of the Mejbaum method (10), and by extend- 
ing the heating period, there is still no assurance that further 
study of conditions would not have resulted in still higher yields 
of color from succino-AICAR. 

We are indebted to Dr. W. T. Jenkins for suggesting the fol- 
lowing method for determining aspartic acid as well as for sup- 
plying us with the glutamic-aspartic transaminase, purified as 
described by Jenkins et al. (11). This method is based on the 
quantitative conversion of aspartate to oxaloacetate in the pres- 
ence of excess a-ketoglutarate and transaminase. The oxaloace- 
tate produced is measured by following spectrophotometrically 
the oxidation of DPNH which occurs during the quantitative re- 
duction of oxaloacetate to malate in the presence of excess DPNH 
and malic dehydrogenase. The samples of standard solutions of 
aspartate and the samples of succino-AICAR containing the 
equivalent of 0.13 to 0.26 umole of aspartate were digested in 
sealed tubes in 3 N HCl] at 121° and 15 pounds pressure in the 
autoclave for 8} hours. The completeness of digestion of suc- 
cino-AICAR was checked by hydrolyzing some samples for 134 
hours with identical results. The hydrolysate (0.40 ml.) was 
quantitatively transferred to a 3-ml. silica cuvette and neutralized 
with 4 Nn NaOH. The volume after transfer and neutralization 
was 2.35 ml. Each cuvette received in addition, 0.15 ml. of 1 M 
Tris-chloride buffer, pH 8.0, 0.10 ml. of 0.004 am DPNH, 0.20 ml. 
of 0.04 mM a-ketoglutarate and 0.10 ml. of a solution containing 0.1 
mg. per ml. of malic dehydrogenase (minimal activity, 7000 units 
per mg.). The absorbance of this solution at 340 my was meas- 
ured with a Beckman DU spectrophotometer. An excess of glu- 
tamic-aspartic transaminase in 0.1 ml. of 0.025 m Tris-chloride 
pH 7.4, was then added. The absorbance at 340 my was noted 
when it had decreased to a constant value. The change in ab- 
sorbance at 340 my of the unknown and standard solutions was 
compared. In the standard solutions, this change was in all 

cases 95 per cent of the theoretical value, based on the molecular 
extinction coefficient of 6.22 « 10° for DPNH at 340 my (12). 
No reaction occurred if aspartate or the transaminase were omit- 
ted or if unhydrolyzed succino-AICAR replaced the hydrolyzed 
samples. When the samples contained as much as 0.26 umole of 
aspartate, the volume of the neutralized sample was made to 2.30 
ml., and the amount of the DPNH solution added was increased 
to 0.15 ml. The method proved to have a high precision. For 
the total of 11 samples run in one determination, the average de- 
viation from the mean was 1.3 per cent and the maximal devia- 
tion (a single sample) was 4 per cent. 

Materials—Formylglycinamide ribonucleotide and AIR were 
prepared by the method of Levenberg and Buchanan (2) with 
minor modifications. With the exception of inosine triphosphate 
the nucleoside triphosphates as well as 5’-AMP were obtained 
from the Pabst Laboratories. Inosine triphosphate prepared by 
the deamination of ATP with nitrous acid was a gift of Dr. Leon- 
ard Warren. Oxaloacetic acid and a-ketoglutaric acid were pur- 
chased from the California Corporation for Biochemical Re- 
search. Carbamyl phosphate was a gift from Dr. Mary Ellen 
Jones. <A high grade of p- and L-aspartic acids and glycine were 
obtained from the Mann Research Laboratories. Malic dehy- 
drogenase and DPNH were products of the Worthington Bio- 
chemical Corporation and the Sigma Chemical Company, respec- 
tively. Alumina Cy gel was prepared by the method of Bauer 


(13). 
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RESULTS 


Substrate Requirements for Synthesis of AICAR from AIR— 
The nitrogen of aspartic acid and the carbon of bicarbonate have 
been shown to be the precursors of nitrogen atom | and carbon 
atom 6 of the purine ring, respectively (14,15). Since these posi- 
tions are derived directly from the carboxamide moiety of AI- 
CAR, it seemed probable that aspartic acid and bicarbonate 
would participate in the conversion of AIR to AICAR. In the 
presence of the 13 to 33 per cent ethanol fraction from pigeon 
liver, a requirement for aspartic acid and for ATP in this reaction 
was indeed demonstrated by Levenberg and Buchanan (2). Al- 
though it was not possible to demonstrate a requirement for 
added bicarbonate in the presence of the 13 to 33 per cent ethanol 
fraction, such a requirement could be demonstrated (Table I) 
when this enzyme fraction was subjected to a further fractiona- 
tion with ammonium sulfate. 

Separation of Enzyme System into Two Fractions—The proce- 
dure described below was found to separate into two fractions 
the enzyme system which catalyzes the synthesis of AICAR from 
AIR. Both fractions were necessary for the occurrence of the 
over-all reaction. The fractionation procedure utilized as an 
enzyme source the 13 to 33 per cent ethanol fraction of either 
pigeon or chicken liver (16). For large scale preparations of the 
enzyme from 5 kg. of chicken liver a Waring Blendor was used 
to homogenize the tissue. All operations were performed at 3°. 

The lyophilized 13 to 33 per cent ethanol fraction was dissolved 
in 0.005 m potassium acetate buffer, pH 6.0, to give a solution 
containing 16 mg. of the lyophilized powder per ml. This solu- 
tion was treated with sufficient alumina Cy gel, usually 2 mg. 
per ml. of enzyme solution, to remove approximately half of the 
protein without adsorption of any of the enzyme activity. The 
gel suspension was centrifuged just before use to remove the wa- 
ter. 

The supernatant solution from the gel step was then fraction- 
ated with ethanol under the same conditions as were employed 
in obtaining the original 13 to 33 per cent ethanol fraction. Al- 


TABLE [ 
Substrate requirements for synthesis of AICAR from AIR 


The complete system contained, in a final volume of 0.63 ml., 
the following amounts of materials: 0.05 uwmole of the sodium salt 
of AIR, 5 wmoles of KHCO;, 1.3 wmoles of disodium ATP, 1.8 
umoles of magnesium sulfate, 4 wmoles of sodium aspartate, 12 
umoles of K2SQO,, 30 umoles of sodium phosphate buffer, pH 7.4, 
and 2 mg. of the precipitate which was obtained when a solution 
of the 13 to 33 per cent ethanol fraction of pigeon liver (16 mg. per 
ml.) was brought from 1.4 to 2.2 m with respect to ammonium 
sulfate. After incubation for 25 minutes at 38° the reaction was 
terminated by the addition of 0.10 ml. of 30 per cent trichloroace- 
tic acid. The denatured proteins were removed by centrifuga- 
tion and AICAR was measured in a 0.50 ml. aliquot after destruc- 
tion of AIR as described under ‘‘Methods.”’ 


Incubation mixture 'AICAR synthesized 
mumoles 
Complete system minus AIR................... 0 
Complete system minus ATP.................... 0 
Complete system minus aspartate............... 1 
Complete system minus KHCQ;................. 3 
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TaBLe II 


Separation and sequence of action of enzymes catalyzing 


synthesis of AICAR from AIR 


The composition of the vessels was similar to the complete sys- 
tem described in Table I. Where indicated, 0.7 mg. of the 0 to 
12 per cent ethanol fraction and 0.9 mg. of the 15 to 45 per cent 
ethanol fraction were added. The final volume of the first incuba- 
tion was 0.50 ml. and of the second incubation 0.55 ml. The first 
incubation was for 8 minutes at 38°, after which the proteins were 
denatured by placing the vessels in a boiling water bath for ap- 
proximately a minute. After cooling, the indicated enzyme frac- 
tion was added and the vessels were incubated for a second period 
of 8 minutes. After the addition of 0.10 ml. of 30 per cent tri- 
chloroacetic acid and centrifugation to remove denatured pro- 
tein, 2 0.40 ml. aliquot was removed from each vessel for the 
measurement of AICAR after destruction of AIR as described 
under ‘‘Methods.’’ 


— 


—— Enzyme fraction present in Enzyme fraction present in AICAR 
— ist incubation 2nd incubation synthesized 
mymoles 

] 0 to 12% ethanol none 2 

2 15 to 459% ethanol none 0 

3 0 to 12°, ethanol 15 to 45°% ethanol 25 

4 15 to 45°% ethanol 0 to 12° ethanol | 2 


though slightly different fractions were taken in various prepara- 
tions, the enzyme fractions used in the experiment reported in 
Table II were obtained by precipitation with ethanol between 0 
to 12 per cent and 15 to 45 per cent. In general, however, it was 
better to make the second fractionation between 20 and 45 per 
cent ethanol to avoid overlapping of the activities of the two frac- 
tions. The precipitates were dissolved in a minimal amount of 
demineralized water and were lyophilized in a 3° room. The 
lyophilized powders were stored at a temperature below 0° under 
which conditions they retained activity indefinitely. 

The requirement for both enzyme fractions and the sequence 
of their action are shown in Table II. Neither fraction alone 
catalyzes the synthesis of appreciable quantities of AICAR (Ves- 
sels 1 and 2). When the higher ethanol fraction was added to a 
vessel which had been previously incubated with the lower etha- 
no} fraction (Vessel 3), a good synthesis of AICAR resulted. It 
could be concluded, therefore, that the lower ethanol fraction was 
catalyzing the synthesis of an intermediate in the over-all reac- 
tion. This intermediate is identified below as succino-AICAR. 

Substrates and Cofactors Required for Succino-AICAR Synthesis 
—The substrates required for the synthesis of succino-AICAR 
are shown in Table III. All of the substrates required for the 
synthesis of AICAR from AIR, 7.e. aspartate, bicarbonate, and 
ATP, are also required for the synthesis of suecino-AICAR from 
AIR. p-Aspartic acid, glutamic acid, and carbamy]l phosphate 
were all unable to replace the requirement for L-aspartic acid in 
the enzymatic synthesis of succino-AICAR. Likewise, the bi- 
carbonate requirement could not be satisfied by either carbamy] 
phosphate or oxaloacetic acid, compounds known to be products 
of CO, fixing reactions. The sodium and potassium salts of bi- 
carbonate were equally effective. The role of bicarbonate or car- 
bon dioxide as the actual reactant was subsequently confirmed by 
the finding that a carboxylated derivative of AIR, 5-amino-1- 
ribosyl-4-imidazolecarboxylic acid 5’-phosphate, was synthesized 
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in the absence of the other substrates, provided AIR, bicarbonate, 
and enzyme were present (1) (Reaction 2). 


AIR + CO: = 


acid 5'-phosphate 


Ata bicarbonate concentration of 20 umoles per ml. the synthesis 
of succino-AICAR is equally rapid at pH 7.3, 8.0, and 8:8. 

In view of the increasing number of reactions in which nucleo- 
side triphosphates other than ATP have been found to partici- 
pate, it was of interest to determine whether any of the other 
nucleoside triphosphates were more effective participants than 
ATP in the enzymatic synthesis of suecino-AICAR. Under con- 
ditions in which 29 mumoles of succino-AICAR were synthesized 
in the presence of 0.0015 m ATP, equimolar concentrations of 
GTP, ITP, CTP, and UTP resulted in the synthesis of, respec- 
tively, 0, 0, 10, and 9 myumoles of suecino-AICAR. The enzyme 
fraction employed was a lyophilized 0 to 20 per cent ethanol frac- 
tion from chicken liver, prepared as described above. A rela- 
tively short incubation time of 4 minutes was used to minimize 
interconversion of the triphosphates. It may be concluded, 
therefore, that ATP is the preferred reactant in the synthesis of 
succino-AICAR by enzymes of avian liver. This finding may be 
contrasted with Lieberman’s demonstration (17) that GTP is the 
immediate reactant in a similar reaction, the synthesis of adenylo- 
succinic acid from inosinic acid by an enzyme from Escherichia 
colt. 

Isolation of Succino-AICAR—Succino-AICAR has been rou- 


tinely isolated from large scale incubation mixtures by chroma- 


TaB_e III 
Substrate requirements for synthesis of succino-AICAR from AIR 


The complete system contained in a final volume of 0.55 ml. the 
indicated number of wmoles of the following compounds: AIR, 
0.075; potassium bicarbonate, 10; sodium aspartate, 2; ATP, 0.5; 
magnesium acetate, 25; Tris-chloride, pH 8, 50; and 0.35 mg. of a 
0 to 11 per cent ethanol fraction from chicken liver prepared as 
described for the similar fraction used in the experiment reported 
in Table II. The reaction was stopped after 20 minutes at 38° 
by the addition of 0.10 ml. of 30 per cent trichloroacetic acid to 
each vessel. After removal of the denatured protein by centrif- 
ugation a 0.40 ml. aliquot was subjected to the conditions for 
destroying AIR in the presence of AICAR described under ‘‘Meth- 
ods.’’ Suecino-AICAR, like AICAR, gives a full yield of colored 
product in the Bratton and Marshall reactions after this treat- 
ment. The vessels were placed in ice water and the modified 
Bratton and Marshall procedure described below for succino- 


AICAR performed, after the addition of 0.05 ml. of 10 N H,SO,. 
Succino- 
Composition of incubation mixture ICAR 
synthesized 
myumoles 
Complete system minus KHCO; NaHCQs;. 58.9 


Complete system minus KHC( 
Complete system minus aspartate. 
Complete system minus ATP... 0 
Complete system minus magnesium acetate. . 


*No attempt was made to exclude dissolved CO, from the 
solutions used in this experiment. 
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tography on anion exchange columns, followed by concentration 
of the effluent and precipitation of succino-AICAR as the barium 
salt. The particular preparation of succino-AICAR for which 
the analysis is reported in this paper is described below in 
detail. 

The first step in the preparation of succino-AICAR required the 
synthesis of AIR from formylglycinamide ribonucleotide. The 
following quantities of materials expressed in mmoles were incu- 
bated together for 65 minutes at 38° in a final volume of 4.2 L.: 
sodium salt of formylglycinamide ribonucleotide-1-C", 0.66; L- 
glutamine, 6.94; disodium salt of ATP, 6.92; Tris-bromide buffer, 
pH 8.0, 104; magnesium acetate, 23; potassium acetate, 210; po- 
tassium bromide, 252; and 3.24 gm. of lyophilized 13 to 33 per 
cent ethanol fraction from pigeon liver. This incubation mixture 
is a modification of that reported by Levenberg and Buchanan 
(2) and was deproteinized as described in their procedure. The 
supernatant solution of 4 |. contained 360 uwmoles of AIR. It 
should be noted that the synthesis of AIR from formylglycin- 
amide ribonucleotide does not proceed at a maximal rate unless 
the concentration of potassium ions is 0.06 m or higher. 

The following quantities of materials, expressed in mmoles, 
were added tothe 4 |. of the AIR-containing supernatant solution: 
L-aspartic acid, 20; KHCOs, 40; Tris-bromide buffer, pH 8.0, 22; 
and 50 ml. of a 0 to 62 per cent ammonium sulfate fraction from 
a chicken liver acetone powder extract. The final volume of the 
incubation mixture was brought to 5.5 |. with water. The 0 to 
62 per cent ammonium sulfate fraction employed in this incuba- 
tion was easier to prepare than the lower ethanol fraction de- 
scribed above but was equivalent to it, in that it contained the 
enzymes which synthesize succino-AICAR from AIR but was free 
from the enzyme which converts succino-AICAR to AICAR. 
The preparation of this fraction employed the following steps, all 
performed at 3°: 200 gm. of chicken liver acetone powder were 
stirred for 1 hour with 21. of 0.05 m sodium acetate buffer, pH 5.4. 
The insoluble material was removed by centrifugation and 271 
gm. of solid ammonium sulfate were added to the supernatant 
solution (0.615 saturation). The precipitate was collected by 
centrifugation and was dissolved in 0.005 m potassium acetate 
buffer, pH 6.0. 

The above incubation mixture was divided among 16 1-1. flasks 
and was incubated for 75 minutes at 38°. The protein was re- 
moved, as in the preceding incubation, by heat denaturation. 
The supernatant solution contained 336 uwmoles of succino-AI- 
CAR in a volume of 5.4 1., a vield of 93 per cent based on the AIR 
initially present. The succino-AICAR was measured by incu- 
bating a sample of 0.50 ml. with adenylosuccinase (18), and by 
determining the AICAR produced after destruction of AIR as 
described in ‘‘Methods.”’ 

The solution containing the succino-AICAR was divided into 
four parts and allowed to flow by gravity onto columns of Dowex 
1-bromide (10 per cent cross-linked, 200 to 400 mesh), 31.5 cm. in 
length and 2.0 cm. in diameter. Approximately one-fifth of the 
total radioactive material placed on each column appeared in the 
initial effluent and was discarded after it was found to contain 
neither succino-AICAR nor AICAR. The columns were then 
eluted with 0.007 n HBr. Fractions of approximately 18 ml. 
each were collected with an automatic fraction collector and ana- 
lyzed for radioactivity and ultraviolet absorption. The AICAR 
appeared in the eluate when the pH of the eluate, originally at 
8, had dropped to 2 or less. It represented approximately 5 per 
cent of the total radioactivity placed on the columns. 

The elution of suecino-AICAR began after 2.5 1. of 0.007 nw HBr 
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had passed through the column and was collected in the next 1.6 
1. Its identity was confirmed by its characteristic property of 
reacting with the Bratton and Marshall reagents to form a colored 
product at 0° but not at room temperature (see below). The elu- 
tion pattern of radioactivity compared with ultraviolet absorb- 
ance indicated that the succino-AICAR was contaminated with 
ultraviolet-absorbing material which was identified as ADP by 
paper chromatography with the ammonium isobutyrate solvent 
of Magasanik et al. (19). The succino-AICAR was precipitated 
as the barium salt after concentration of the effluent from each 
column to approximately 20 ml. in a vacuum by means of a ro- 
tary evaporator. The concentrated solution was neutralized 
with LiOH, and 1 ml. of 1 m barium bromide and 3 volumes of 
ethanol were added. The crude salt was collected by centrifuga- 
tion, dried in a vacuum, and extracted repeatedly with water un- 
til further extracts contained no radioactivity. The combined 
aqueous extracts of the barium salts contained approximately 300 
umoles of succino-AICAR in 152 ml. In an attempt to free the 
compound from the contaminating ADP this solution was chro- 
matographed on a second Dowex 1-bromide column, 22 cm. in 
height by 2 cm. in diameter, with 0.007 n HBr as the eluting 
agent. The yield from this column due to a loss was only 200 
umoles. The elution patterns of ultraviolet-absorbing and ra- 
dioactive material from this column revealed that the succino- 
AICAR was still not free from ultraviolet-absorbing contam- 
inants. From the ratio of 7 minute acid-hydrolyzable phosphate 
to total phosphate, the contamination with ADP was found to be 
10 per cent on a molar basis. Trial experiments showed that 
ADP was quantitatively hydrolyzed to AMP by heating in 0.5 n 
HBr for 18 minutes in a boiling water bath, whereas 80 per cent of 
the succino-AICAR survived this treatment as measured by its 
subsequent conversion to AICAR by adenylosuccinase. The 
1490 ml. of the solution of succino-AICAR in 0.007 n HBr were 
therefore evaporated on a rotary evaporator to 22 ml. to give a 
solution approximately 0.5 N with respect to HBr. After heating 
this solution in a boiling water bath for 18 minutes it was neutral- 
ized with lithium hydroxide and the barium salt of succino-AI- 
CAR was prepared as described above. The aqueous extract of 
this salt was then chromatographed on a Dowex 1-bromide col- 
umn, 36 cm. in height by 1 cm. in diameter with 0.007 n HBr as 
the eluting agent. The AMP formed by the hydrolysis of the 
contaminating ADP appeared in the initial effluent. Approxi- 
mately 140 umoles of succino-AICAR were obtained, which was 
still contaminated by a trace of ADP as detected by paper chro- 
matography with the same isobutyrate solvent used previously. 
The radioactive purity of this sample of succino-AICAR was 
demonstrated by scanning the paper chromatogram in an auto- 
matic scanner attached to a recording device. Under these con- 
ditions a contamination of 5 per cent could have been detected. 
The succino-AICAR was reisolated as the barium salt, which 
was then dissolved in 16 ml. of 0.6 N HBr. The hydrolysis pro- 
cedure described above was repeated and the barium salt of suc- 
cino-AICAR reisolated. The salt was dissolved and converted 
to the potassium salt. The resulting solution (17 ml.) was chro- 
matographed on a final Dowex 1-bromide column 19 em. in height 
by 1 cm. in diameter. Approximately 70 wmoles of succino- 
AICAR were isolated from this column by the usual procedure 
and precipitated as the barium salt. For further purification, the 
salt was extracted into 9 ml. of water, reprecipitated by the ad- 


dition of two volumes of ethanol, and dried in a vacuum after | 


washing twice with 67 per cent ethanol, and once each with 95 
per cent ethanol and ether in the order named. 
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Fic. 1. Structure of sueccino-AICAR 


Evidence for Structure of Succino-AICAR—The structural for- 
mula shown in Fig. 1 has been assigned to succino-AICAR on the 
basis of the chemical analyses and metabolic reactions reported 
in this and succeeding sections. If possible water of hydration is 
neglected, the molecular weight of the dibarium salt of this com- 
pound (C;3H:s02.N4PBaz) should be 725. On the basis of the 
phosphorus analysis 60.7 umoles of succino-AICAR were con- 
tained in the 48.7 mg. of white barium salt obtained as the final 
product (i.e. 1 umole in 0.802 mg.). The dry weight purity of 
this sample may be estimated therefore to be approximately 90 
per cent. The sample was free from ultraviolet-absorbing or 
ninhydrin-reacting impurities as determined by paper chroma- 
tography with the isobutyrate solvent. Under these conditions 
a contamination of 1 per cent on a molar basis with ADP, glvcine, 
or aspartic acid could have been detected. The maximal con- 
tamination with inorganic phosphate on a molar basis was 0.4 
per cent. 

Titration Curve—A titration curve of succino-AICAR at the 
glass electrode was obtained with the aid of a Beckman model G 
pH meter. The barium salt of succino-AICAR was _ passed 
through a column of Dowex 50-hydrogen (4 per cent cross-linked, 
200 to 400 mesh, 8 cm. in height by 0.6 cm. in diameter). The 
effective removal of barium was checked by the centrifugal 
method described by Feig] (20) under conditions in which a 6 per 
cent contamination on a molar basis with barium ions could have 
been detected. 

The titration curve is shown in Fig. 2. Four equivalents of 
alkali were consumed per mole in the titration between pH 2.8 
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and 8.5. The barium salt of suecino-AICAR must therefore con- 
tain the amino group as the free amine since 5 equivalents of al- 
kali per mole would be required to titrate succino-AICAR after 
its passage through a Dowex 50-hydrogen column if the amino 
group were present as the hvdrobromide in the barium salt. 

The eluate from the Dowex 50-hydrogen column would be ex- 
pected to contain the ionic species of succino-AICAR in which the 
proton arising from the primary phosphate dissociation is as- 
sociated with the amino group. The four dissociations of the ti- 
tration curve are assigned, therefore, to the protons arising from 
the two carboxyl, the amino, and the secondary phosphate 
groups. The only pK which could be determined from the titra- 
tion curve was approximately equal to 6.6, which is the range ex- 
pected for a secondary phosphate dissociation. 

The failure of the materials represented by the 10 per cent im- 
purity in the dry weight to interfere in the pH titration is not 
surprising since these materials are believed to be either water of 
hydration, barium hydroxide, or barium carbonate. These lat- 
ter two compounds would be converted by Dowex 50-hydrogen 
to the noninterfering substances, water and carbonic acid, respec- 
tively. The only other materials likely to be present in the neu- 
tralized column effluent from which the barium salt of succino- 
AICAR was precipitated are lithium bromide and barium 
bromide. The presence of either of these compounds in the 
final sample of barium succino-AICAR is very unlikely because 
of their relatively high solubility in the aqueous ethanol solutions 
which were employed for the reprecipitation and washing of the 
barium salt of succino-AICAR. 

Chemical Analysis of Succino-AICAR—This sample of purified 
succino-AICAR has been analyzed for its content of organic phos- 
phorus, pentose, and total nitrogen. Determination has also 
been made of the amounts of aspartic acid and glycine liberated 
on acid hydrolysis. The results of the chemical analysis of suc- 
cino-AICAR are shown in Table IV. With the content of or- 
ganic phosphorus taken as unity, organic nitrogen, pentose, and 
aspartic acid (after hydrolvsis) were present in the ratio of 3.8, 
0.94, and 1.01, respectively. This approximates fairly closely the 
theoretical ratio of 4:1:1. Of the values reported, phosphorus 
and aspartic acid were determined with the greatest precision and 
accuracy. The value for pentose is subject to the uncertainties 
described in “Methods.” 

Additional information which confirmed the presence of the 
aspartic acid molecule in the structure of succino-AICAR was ob- 
tained from an experiment in which aspartic acid-4-C™ was sub 
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Fic. 2. Titration curve of succino-AICAR ' 
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TaBLe IV 
Chemical analysis of succino-AICAR 
Succino- Theoreti- 
Phos- 
AICA ci- 
ample | Phorus 
1.33 
Inorganic phosphorus...............| 0.0 
Organic phosphorus. . 1.33 1.00 1.00 
5.2 
0.15 0.11 0.0 
5.0 3.8 4.0 
Groups ionizing between pH 2.8 and 


stituted for unlabeled aspartic acid in a typical incubation sys- 
tem. The succino-AICAR, isolated by the usual procedure, 
contained radioactivity in the amount expected from the incor- 
poration of 1 mole of aspartic acid into every mole of succino- 
AICAR synthesized. 

Under the conditions of acid hydrolysis which have been used 
to liberate glycine from glycinamide ribonucleotide and from AIR 
low yields of glycine as measured by the method of Alexander et 
al. (21) were obtained from succino-AICAR. Hydrolysis for 5,9, 
or 24 hours in 3 N HCl in sealed tubes at 121° and 15 pounds pres- 
sure did not raise the yield of glycine from succino-AICAR above 
82 per cent of the theoretical value. The low yield of glycine dur- 
ing acid hydrolysis was confirmed by another method of analysis 
in which the glycine and aspartic acid released from succino-AI- 
CAR were separated on a column of Dowex 50-hydrogen. The 
amount of amino acid in each peak was determined by the earlier 
ninhydrin procedure of Moore and Stein (22). Under these con- 
ditions a low yield of glycine but not of aspartic acid was ob- 
tained. It thus seems that side reactions occurring during acid 
hydrolysis preclude the theoretical recovery of glycine. Under 
alkaline conditions of hydrolysis (digestion for 9 hours in 5 N 
NaQH in a sealed tube) succino-AICAR does not yield glycine 
as a product. 

Conversion of Succino-AICAR to AICAR—One of the most co- 
gent arguments for the structure of succino-AICAR is supplied 
by the nature of the products formed in the further reaction of 
succino-AICAR during its conversion to inosinic acid. It has 
been shown by Miller et al. (18) that, in the absence of any addi- 
tional substrates, succino-AICAR is reversibly converted to AlI- 
CAR and fumariec acid by an enzyme which is believed to be 
identical with adenylosuccinase (23). By analogy to the struc- 
ture of adenylosucecinie acid, which is converted by adenylosuc- 
cinase to AMP and fumaric acid, the most probable structure of 
succino-AICAR is the one proposed in Fig. 1. 

Spectral Characteristics of Succino-AICAR—The spectra of suc- 
cino-AICAR at pH 1, 5 and 8 are shown in Fig. 3. Thespectrum 
does not vary appreciably between pH 0 and 1, between pH 5 
and 6, and between pH 8 and 14. The absorption maxima of 
succino-AICAR at pH 1 and 8 occur at 269 to 270 my and at pH 
5 at 267 to 269 mu. On the basis of the phosphorus analysis the 
molecular extinction coefficients of succino-AICAR at 269 my at 
pH 1, 5and 8 are 11.0 X 10°, 13.2 X 10°, and 13.3 X 10°, respec- 
tively. 
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Analysis of the spectral data, however, did not permit the cal- 
culation of the pK values of the proton dissociations which oc- 
curred between pH 0 and 8. 

Behavior of Succino-AICAR in Bratton and Marshall Procedure 
—When succino-AICAR is treated at room temperature with the 
reagents of the Bratton and Marshall procedure for arylamines, 
a color fails todevelop. Since suecino-AICAR contains an amino 
group in the 5-position of the imidazole ring as do AIR, carboxyl- 
AIR, and AICAR, its failure to react in the Bratton and Marshall 
procedure was at first very puzzling. This atypical behavior was 
subsequently explained by the finding of Gots and Gollub (24) 
that the diazonium salt of suecino-AICAR is unusually unstable, 
and that a color is produced from succino-AICAR provided the 
coupling agent is added within 1 minute of the nitrite. Of a 
variety of conditions tested we have found the following proce- 
dure, which employs a stronger acid and a temperature of zero 
degrees, to give the highest yield of color from succino-AICAR, 
The sample and reagents were kept in an ice bath. The sample, 
containing from 0.02 to 0.15 umole in a final volume of 1.60 ml., 
received 0.60 ml. of 10 N H.SO, and 0.20 ml. of 0.1 per cent so- 
dium nitrite. Three minutes after the addition of the nitrite 0.20 
ml. of 0.5 per cent ammonium sulfamate was added and was fol- 
lowed 1 minute later by 0.20 ml. of 0.1 per cent N-(1-naphthyl)- 
ethylenediamine dihydrochloride. The sample was then re- 
moved from the ice bath. The absorbance should be read 
between 5 and 30 minutes after the last addition since a slow de- 
crease in the absorbance occurs amounting to 10 per cent within 
an hourand ahalf. For routine determination of succino-AICAR 
microcells were employed and the procedure was scaled down to 
one-fourth of the above amounts. The spectrum of the colored 


derivative obtained from succino-AICAR isshownin Fig. 4. The 


molar extinction coefficient of this product, calculated from the 
concentration of succino-AICAR as determined by the phosphorus 
analysis, was 17.7 10° at the absorption maximum, 560 mu. 
The possibility exists that the real extinction coefficient may be 
somewhat higher, since a complete conversion of suecino-AICAR 
to the colored derivative may not occur even under the optimum 
conditions. 


20.0 


“3 


oO 


re) 


8.0 


Extinction Coetticient « 10 


210 230 250 270 290 310 
Wove Length (mu) 


Fiac. 3. Ultraviolet absorption spectra of succino-AICAR. For 
the determination of the spectra at pH 1, 5 and 8, suecino-AICAR 
was dissolved in solutions of 0.10 N HCI, 0.025 m sodium acetate, 
pH 5, and 0.025 m Tris-chloride, pH 8, respectively, to give a final 
concentration of succino-AICAR of 0.0621 umole per ml. 
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Fic. 4. Spectrum of colored derivative produced in procedure 


of Bratton and Marshall. 
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Breakdown of ATP during Synthesis of Succino-AICAR—The 
synthesis of succino-AICAR from AIR is jaccompanied by the 
breakdown of 1 mole of ATP to ADP and orthophosphate (‘Table 
V). No breakdown of ATP to ADP occurred when AIR was 
omitted from an incubation otherwise identical to the complete 
system. The observed breakdown of ATP to ADP was therefore 
entirely due to the synthesis of suecino-AICAR from AIR. Since 
succino-AICAR was eluted from the columns in the same fraction 
as ADP, the concentration of ADP in the vessels containing ac- 
tive enzyme was determined after subtracting the absorbance due 
to the succino-AICAR. The amount of succino-AICAR which 
had been synthesized was determined from the amount of ATP 
and of AIR which disappeared (0.3 umole in both cases). 

In another experiment not included in Table V the amount of 
inorganic phosphate produced during the synthesis of succino- 
AICAR was found to equal the AIR which had disappeared. 
Further evidence that inorganie pyrophosphate was not a product 
of the reaction was obtained by the failure of inorganic pyrophos- 
phatase (26) to raise the vield of orthophosphate when added at 
the end of the incubation. The pigeon liver enzyme used in the 
synthesis of succino-AICAR was devoid of significant amounts of 
pyrophosphatase activity. 

Reversibility of Reaction 1—When succino-AICAR is incubated 
with ADP and orthophosphate, AIR is produced, a finding which 
demonstrates the reversibility of Reaction 1. The requirement 
for ADP, orthophosphate, and magnesium ions for this reverse 
reaction is shown in Table VI. Phosphate may be replaced by 
arsenate, in which case, however, considerable reaction occurs 
in the absence of added ADP (Vessel 6). Although the succino- 
AICAR preparation was known to contain less than 1 per cent 
ADP on a molar basis, it is probable that sufficient ADP was 
present in either the succino-AICAR or enzyme preparation to 
allow the reaction to proceed without its addition, in view of an 
experiment recently performed by Mr. Richard W. Miller (Table 
VII). It may be seen that the addition of very small amounts of 
ADP to vessels in which arsenate had replaced phosphate resulted 
in a significant increase in the amount of suecino-AICAR broken 
down to carboxy-AIR. It is believed, therefore, that the pres- 
ence of ADP is required for the breakdown of succino-AICAR, 
even in the presence of arsenate. 

These results suggest that the amide bond of succino-AICAR is 
formed and cleaved through the agency of nucleoside phosphates 
by a mechanism similar to that described for the synthesis of 
glycinamide ribonucleotide (27). In this latter reaction it has 
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TABLE V 
Breakdown of ATP to ADP during synthesis of succino-AICAR 


Each vessel contained, in a final volume of 5.56 ml.: 0.30 umole 
of AIR, 1.7 wmoles of ATP, 48 wmoles of potassium aspartate, 60 
umoles of KHCOs;, 200 wmoles of MgCl., 156 umoles of KoSO,, 
144 wmoles of Tris-chloride, pH 7.4, and 0.18 mg. of a lyophilized 
0 to 11 per cent ethanol fraction from pigeon liver, prepared as 
described under ‘‘Separation of Enzyme Svstem.’’ The vessels 
were incubated at 38° for 20 minutes and the contents deprotein- 
ized by placing the vessels in a boiling water bath for 2 minutes. 
The enzyme was not added to Vessel 1 until the latter had been 
placed in the boiling water bath. The denatured protein was re- 
moved by centrifugation and the supernatant solutions, after 
alkalization with 2 drops of 5 N NH,OH, were quantitatively 
transferred to columns of Dowex I|-chloride. The separation and 
estimation of the adenine nucleotides was performed by the 
method of Cohn (25). AIR was measured by the Bratton and 
Marshall procedure. 


Amounts of compounds present 
after incubation 
Vessel State of enzyme 

AIR ATP ADP | AMP 
poole | | | 
l heated 0.3 1.67; 0.21) 0.09 
2 active 0.0 1.34) 0.55) 0.05 
Difference (2 — 1) —0.3.,—0.33)+0.34| —0.04 


TaBLeE VI 
Demonstration of reversibility of Reaction 1 


Vessel 1 contained the following amounts of materials in a final 
volume of 0.55 ml.: 0.066 umole of succino-AICAR, 4 yumoles of 
ADP, 10 umoles of MgCl., 50 umoles of NasHPO,, 50 umoles of 
Tris-chloride pH 7.4 and 0.4 mg. of the 0 to 11 per cent ethanol 
fraction from chicken liver, prepared as described under ‘“‘Separa- 
tion of Enzyme System.”’ Vessel 5 was identical to Vessel 1 ex- 
cept that it contained 50 wmoles of Nas,HAsO, in place of the 
NacsHPO,. The vessels were incubated at 38° for 15 minutes and 
the reaction stopped by the addition of 0.10 ml. of 30 per cent 
trichloroacetic acid. The denatured protein was removed by 
centrifugation and a 0.40 ml. aliquot of the supernatant solution 
was withdrawn for the determination of AIR by the Bratton and 
Marshall procedure as described under ‘‘Methods.”’ 


Composition of incubation | 
Vessel pro- 
i 


Incubations containing orthophosphate _ duced 
‘mpmoles 
sueeino-AICAR, ADP, MgCl», NasHPO, 16.1 
2 same as Vessel 1 minus ADP 
3 same as Vessel 1 minus MgCl. 0.0 
4 same as Vessel 1 minus NasHPO, | 2.5 
Incubations containing arsenate in place of phosphate | 

5 suecino-AICAR, ADP, MgClo, NasHAsO, 20.5 
6 same as Vessel 5 minus ADP 10.0 
7 same as Vessel 5 minus MgCl. 0.8 


been postulated that the synthesis of glycinamide ribonucleotide 
occurs by the simultaneous interaction of glycine, 5-phosphoribo- 
sylamine, and ATP at the enzyme surface. Likewise glycinam- 
ide ribonucleotide, ADP, and inorganic phosphate react together 
to yield glycine, ATP, and 5-phosphoribosylamine. With this 


7 1797 
il- art | | 

re | 

he | 

| 
no : | 

10.0} | 

ill | 

ag all 

4) | | 

1e 

a 

le, 

O- 
2U 

|. 

d 
in 

to 

ne 
he 

| 

| 

j 

R 

e, 

| 


1798 


TaBLeE VII 


Effect of addition of small amounts of ADP to enzymatic system 
cleaving succino-AICAR to carbory-AIR in presence of arsenate 

All vessels contained during the incubation 0.4 mg. of enzyme, 
0.072 umole of succino-AICAR, 10 wmoles of Tris buffer, pH 7.4, 
and 10 wmoles of MgCl». Where indicated 20 uymoles of arsenate 
were added. The final volume of the incubation was 0.65 ml. 
The vessels were incubated for 15 minutes at 38° and the reaction 
was terminated by the addition of 30 per cent trichloroacetic 
acid. A 0.4 ml. aliquot was removed and analyzed by the Brat- 
ton and Marshall procedure. The product of this reaction is 
actually AIR rather than carboxy-AIR due to the presence of 
AIR carboxylase in the enzyme preparation. 


Succino-AICAR 
Vessel Arsenate ADP added decomposed to 
carboxy-AIR 
mpmoles mmoles 
1 + 0 16.5 
2 + 0.36 21.2 
3 + 0.72 24.0 
4 + 1.08 25.5 
5 1.80 0.7 


mechanism it is possible to explain the catalytic effect of ADP 
on the breakdown of succino-AICAR in the presence of arsenate, 
but not in the presence of phosphate. In the former case the 
compound analogous to ATP (ADP-arsenate) which is presumed 
to be formed would be expected to decompose spontaneously to 
ADP and arsenate. To determine whether the synthesis and 
breakdown of succino-AICAR definitely falls into the category of 
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reaction proposed for the synthesis of glycinamide ribonucleotide, 
will, however, require further investigation. 


SUMMARY 


A new intermediate in purine biosynthesis, N-(5-amino-1-ribo- 
syl-4-imidazolylcarbony])-L-aspartic acid 5’-phosphate (succino- 
AICAR) has been isolated, purified, and characterized. It js 
formed from 5-amino-1-ribosylimidazole 5’-phosphate (AIR) ac- 
cording to the following reaction: 


AIR + CO, + aspartic acid + ATP = 
succino-AICAR + ADP + orthophosphate 


Evidence for the structural formula of succino-AICAR has been 
obtained from chemical analysis of the purified compound for 
organic phosphate, pentose, total nitrogen, and for aspartic acid 
and glycine released on acid hydrolysis. In the presence of ade- 
nylosuccinase, succino-AICAR is converted into fumarie acid and 
5-amino-1-ribosyl-4-imidazolecarboxamide 5/’-phosphate. Sue- 
cino-AICAR has an absorption maximum at 269 to 270 my at 
pH 8 with a molecular extinction coefficient of 13.3 « 10°. The 
requirement for ATP in its synthesis may not be replaced to a 
significant extent by the other nucleoside triphosphates. The 
reversibility of the above reaction may be demonstrated by incu- 
bating the enzyme with succino-AICAR, ADP, and orthophos- 
phate. All three substrates must be present for reaction to take 
place. However, considerable breakdown of succino-AICAR oc- 
curs in the presence of arsenate without the addition of ADP. 
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The formation of AICAR?:? from AIR, which has been shown 
by Levenberg and Buchanan (2) to be a step in the synthesis of 
inosinic acid by soluble enzymes of avian liver, was found to pro- 
ceed through the intermediary formation of succino-AICAR as 
described in Paper XXIII (3) and illustrated by Reactions 1 


and 2. 
AIR + CO, + ATP + aspartic acid — 
succino-AICAR + ADP + phosphate 
Suecino-AICAR = AICAR + fumarie acid (2) 


Reaction 1 has now been found to consist of two steps (Reac- 
tions 3 and 4). In the first step carbon dioxide adds to AIR to 
produce the 4-carboxy derivative of AIR (carboxy-AIR). In the 
second reaction carboxy-AIR reacts with aspartic acid and ATP 
to vield succino-AICAR. 


AIR + CO, = carboxy-AIR 
Carboxy-AIR + ATP + aspartic acid = 
succino-AICAR + ADP + phosphate 


(3) 


Our present knowledge of the enzymatic synthesis of AICAR 
from AIR is summarized therefore by Reactions 3, 4, and 2, in 
that order. Although Reaction 3 is written with carbon dioxide 
as one of the reactants, it is not known whether carbon dioxide or 
bicarbonate actually participates in this reaction. The present 
paper presents the evidence for the occurrence of Reactions 3 


* A preliminary report of this work has been published (1). 
This work has been supported by grants-in-aid from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service, and the National Science Foundation. 

+ Predoctoral Fellow of the National Science Foundation (1954 
to 1956). 

1 The following are systematic and the corresponding trivial 
names, respectively, of the intermediates of purine biosynthesis 
mentioned in this paper: 5-amino-1-ribosylimidazole 5’-phosphate, 
5-aminoimidazole ribonucleotide; 5-amino-1-ribosyl-4-imidazole- 
carboxylic acid 5’-phosphate, 5-amino-4-imidazolecarboxylic acid 
ribonucleotide; -L-as- 
partic acid 5’-phosphate; 5-amino-1-ribosyl-4-imidazolecar- 
boxamide 5’-phosphate, 5-amino-4-imidazolecarboxamide ribonu- 
cleotide. 

2 The abbreviations used are: AIR, 5-aminoimidazole ribonucleo- 
tide; carboxy-AIR, 5-amino-4-imidazolecarboxylic acid ribonucleo- 
tide, AICAR, 5-amino-4-imidazolecarboxamide ribonucleotide; 
succino-AICAR, 5-amino-4-imidazole-N -succinocarboxamide ribo- 
nucleotide; Tris, tris(hydroxvmethvl)aminomethane. 


and 4 and describes the isolation and identification of carboxy- 
AIR. A partial purification of the enzyme which catalyzes Re- 
action 3, AIR-carboxylase, is also reported. 


EXPERIMENTAL 


AIR was prepared as described previously (2). The AIR-car- 
boxylase used in many of the experiments was prepared by the 
method described in Paper XXIII (3) which employed ethanol 
and gel fractionations of chicken liver extract. Since the final 
fraction is obtained by precipitation with ethanol at a final con- 
centration of ethanol of 20 per cent or less by volume, this frac- 
tion is referred to in this paper as the “lower ethanol fraction.” 
AIR-carboxylase prepared by this method has not been separated 
from the enzyme responsible for the conversion of carboxy-AIR 
to succino-AICAR. Other preparations of AIR-carboxylase were 
obtained by procedures described below under “Purification of 
Enzyme.” The aglycones of AIR and carboxy-AIR, 5-amino- 
imidazole and 5-amino-4-imidazolecarboxylic acid, were prepared 
by catalytic reduction of the corresponding nitroimidazoles ac- 
cording to the procedures of Rabinowitz (4). We are indebted 
to Dr. Bruce Levenberg for a sample of 5-nitroimidazole and to 
both Dr. Denis Marrian and Dr. J. C. Rabinowitz for samples of 
5-nitro-4-imidazolecarboxylic acid. Calcium phosphate gel was 
prepared as described by Keilin and Hartree (5). DEAE-cellu- 
lose (6) was a product of Eastman Kodak Company. The 
Dowex | resin was 200 to 400 mesh and 10 per cent cross-linked. 

The modification of the Bratton and Marshall (7) procedure 
for the determination of diazotizable amines has been used which 
employs 4 m phosphate buffer, pH 1.5, in place of 0.2 n H.SO,, 
as described in Paper XXIII (3). Such a control of pH is de- 
sirable since the colored product formed from AIR varies in color 
with pH and, in strong acid, may be confused with that produced 
from carboxy-AIR. The analyses for glycine, pentose, and phos- 
phate were performed as described previously (3). 


RESULTS 


The formation of succino-AICAR from AIR in the presence of 
a soluble enzyme fraction from pigeon or chicken liver requires 
the presence of 4 substrates, namely, AIR, bicarbonate, aspartic 
acid, and ATP. It seemed likely, therefore, that at least two 
separate reactions were responsible for the formation of succino- 
AICAR, from AIR. Unsuccessful attempts were made to find 
evidence for the formation of an intermediate in this reaction by 
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following the breakdown of ATP or the formation of a hydrox- 
amic acid during incubation of the substrates in various combina- 
tion with the enzyme. It was observed, however, that whenever 
the enzyme was incubated with both AIR and bicarbonate ions, 
the orange color characteristic of AIR was no longer obtained 
when the materials of the vessel were subjected to the Bratton 
and Marshall procedure. However, a red color was produced 
and indicated that a new material had been formed during the 
incubation. This new product has subsequently been identified 
as carboxy-AIR. 

The formation of carboxy-AIR could be conveniently followed 
by measuring the increase in absorbance at 265 my, at which 
wave length carboxy-AIR has considerable absorption compared 
to AIR. With this more precise method it was possible to 
confirm the earlier observation that ATP and aspartic acid were 
not required for this reaction and that bicarbonate was the only 
substrate needed in addition to AIR (Fig. 1). Furthermore it 
could be shown that the nature of the cations added was not im- 
portant, since KHCO; could be replaced by NaHCOs, and no re- 
quirement for a divalent cation such as magnesium could be 
shown. 


Preparation of Carboxy-AIR from AIR 


Incubation Procedure—A typical incubation contained in a final 
volume of 250 ml., 50 wmoles of potassium AIR-5-C%, 9500 umoles 
of KHCO, and sufficient enzyme to cause equilibrium to be 
reached in 20 to 30 minutes at room temperature. Approxi- 
mately 10 mg. of enzyme were required of either the lower etha- 
nol fraction (see ‘‘Methods’’) or of Fraction IV of Table IT. It 
is necessary to use freshly dissolved KHCO; which has a pH of 
8.3. Even in the presence of buffer in the incubation mixture, 
solutions of KHCOs; which had been stored for several days were 
found to give low yields of carboxy-AIR. Theequilibrium of Re- 
action 3 favors the decarboxylation rather than the synthesis of 
carboxy-AIR, but in the presence of 0.3 m bicarbonate, yields of 
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Time, Minutes 


Fic. 1. Requirement for bicarbonate in the synthesis of car- 
boxy-AIR. The reaction was run in a silica cell of 1 em. light path 
which contained, in a final volume of 2.05 ml., 0.38 ymole of AIR, 
50 uymoles of magnesium acetate, 360 uwmoles of potassium acetate, 
30 wmoles of Tris-chloride, pH 8.4, and 0.30 mg. of the lower 
ethanol fraction (see “‘Experimental’’). At the time indicated 
by the arrow, 360 umoles of KHCO, in a volume of 0.20 ml. were 
added. The initial absorption at 265 my which was 0.730 was 
subtracted from all readings. With freshly prepared AIR samples, 
initial absorbancies as low as 0.300 could be obtained. 
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earboxy-AIR approaching 50 per cent, based on AIR, may be 
obtained. 

The course of the reaction was followed by reading the absorb- 
ance of the solution at 265 my before and after the addition of the 
enzyme. When the absorbance had ceased to increase, the in- 
cubation mixtures were cooled ina —10° bath to just above their 
freezing point. Approximately 7 ml. of 70 per cent perchloric 
acid were added to bring the solution to pH 2 or below. All de- 
terminations of pH during the preparation of carboxv-AIR were 
made by means of Alkacid paper (Fisher Scientific Co., New 
York, N. Y.). Nitrogen gas was then passed through the solu- 
tion for 1 minute to aid in the removal of carbon dioxide and 
the precipitated protein was removed by centrifugation at 3° for 
2 minutes. The supernatant solution was immediately adjusted 
to approximately pH 9 by the addition of 10 nw KOH (1.3 ml.) 
and 5 ml. of 0.1 m diethanolamine hydrobromide buffer, pH 9, 
were then added. Because of the instability of carboxy-AIR in 
acid solution, it is advisable to work rapidly and to keep the 
solution near 0° between the addition of the perchloric acid and 
the adjustment of the pH to 9. 

Chromatography on Ion Exchange Resins—The isolation of car- 
boxy-AIR by chromatography on columns of Dowex 1 proved to 
be complicated by its instability in acid solution. When solu- 
tions below pH 7 were used to elute carboxy-AIR, the product 
was invariably obtained heavily contaminated with AIR which 
had evidently been formed from carboxy-AIR during its elution. 
On the other hand, the ¢arboxv-AIR was seriously contaminated 
with salt when an eluting fluid of higher salt concentration was 
used, as was required when the pH was above 7. The two chro- 


matographic procedures which vielded carboxy-AIR with the least 


decomposition to AIR and with the least contamination with salt 
are described below. The two procedures are identical except 
for the solutions used to elute carboxy-AIR. All operations were 
performed at 3°. 

The incubation mixture was placed on a column of Dowex 1- 
acetate 2 cm. in diameter by 20 cm. in height with a resin bed 
volume of approximately 65 ml. The elution of the residual AIR 
was then accomplished as described in the preparation of AIR (2) 
with a solution of 0.04 m potassium acetate adjusted to pH 5.1 
with acetic acid. Because of the instability of carboxy-AIR in 
acid solution this operation should be completed within 4 to 5 
hours. In the first of the two chromatographic procedures the 
pH of the column was then adjusted to 9 by the rapid addition 
of one to two resin bed volumes of 0.01 m Tris-bromide buffer, 
pH 9, until the pH of the eluate had approached that of the buf- 
fer. A gradient elution was then begun in which the reservoir 
contained a solution of 0.2 a KBr and 0.01 m Tris-bromide buf- 
fer, pH 9, and the mixer contained 400 ml. of 0.01 m Tris-bro- 
mide buffer, pH 9. Fractions of approximately 15 ml. were col- 
lected. The elution of the carboxy-AIR was most conveniently 
followed by measuring the absorbance of the fractions at 250 mg, 
but could alternatively be detected by means of the Bratton 
and Marshall procedure or, when the compound was radioac- 
tive, by measuring the radioactivity of aliquots of the fractions. 
The carboxy-AIR began to be eluted after approximately 10 resin 
bed volumes of eluant had passed through the column and was 
completely eluted in the following 1 to 2.5 resin bed volumes. 

In some preparations, however, there seemed to be more de- 
composition of carboxy-AIR to AIR than was observed in others, 
so that an alternative elution procedure for the carboxy-AIR was 
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therefore devised. After elution of the AIR in the usual way the 
column was adjusted to pH 9 by the addition of 0.01 m diethanol- 
amine hydrobromide buffer, pH 9. A gradient elution was then 
performed with a solution of 0.2 m LiBr and 0.01 m diethanol- 
amine hydrobromide buffer, pH 9, in the reservoir and 400 ml. of 
a solution of 0.08 m LiBr and the same buffer in the mixer. The 
earboxy-AIR was eluted after approximately 7 resin bed volumes 
in a total volume from 1 to 2 resin bed volumes. 

Preparation of Barium Salt of Carboxy-AIR—The fractions 
which contained carboxy-AIR were pooled and concentrated in a 
yacuum from the initial volume of approximately 100 ml. to 5 
ml. on a rotary evaporator. The rate of evaporation was rapid 
enough to maintain the temperature of the solution at 10° or less. 
The concentrated solution, which contained some undissolved 
salts precipitated during evaporation, was transferred to a 40 ml. 
centrifuge tube with the aid of an additional milliliter of H,O as 
Five volumes of ethanol were added and any undissolved 
salts were removed by centrifugation. These salts were washed 
once with 3 ml. of 80 per cent ethanol by volume. This wash 
was discarded after confirming that it contained negligible radio- 
activity. The radioactive material present in the salts was dis- 
solved in a minimal amount of water (2 to 4 ml.) by performing 
repeated small extractions until no further radioactivity appeared 
in the extracts. These extracts were added to the original super- 
natant solution. Carboxy-AIR was then precipitated from this 
solution as the barium salt by the addition of 100 mg. of BaBrz.- 
2H.O. \After the solution had stood for an hour at —17° the pre- 
cipitate was collected by centrifugation at —10° and the super- 
natant solution was discarded. The estimated recovery of car- 
boxy-AIR at this stage was never more than 50 per cent of that 
present before chromatography. 

The further purification of the first barium salt of carboxy-AIR 
was effected by extracting the barium salt into the minimal 
amount of water (5 to 10 ml.) and by reprecipitating it by the ad- 
dition of ethanol, and, where necessary, of BaBr.-2H.O. When 
an appreciable fraction of the radioactivity present in a precipi- 
tate failed to be extracted with water, approximately 500 mg. of 
Dowex 50-K*+ were added to the precipitate. The radioactive 
carboxy-AIR was then extracted from the combined precipitate 
and resin with the minimal amount of water. The carboxy-AIR, 
present as the potassium salt, could then be reprecipitated by the 
addition of BaBr,.-2H.O and ethanol. The degree of purity of 
the carboxy-AIR which was obtained in the various fractions dur- 
ing the reprecipitations was followed by determining the ultra- 
violet absorption spectra of the solutions. The extent of con- 
tamination of the sample of carboxy-AIR by AIR which had been 
formed from the decomposition of the former could be estimated 
by examination of the spectra of the products after treatment 
with the Bratton and Marshall reagents. The carboxy-AIR 
which was obtained after the first precipitation with barium after 
the ion exchange procedure, was contaminated with material 
which absorbed below 250 my, as shown by a broad absorption 
peak between 240 and 250 my. For the determination of the 
ultraviolet absorption spectrum of carboxy-AIR, therefore, three 
preparations of the first barium salt obtained after chromatog- 
raphy were combined and further purified by a series of reprecip- 
itations as described above. The fractions showing the least 
ultraviolet-absorbing impurities were selected in each case and 
further purified until the absorption spectrum of the solution of 
carboxy-AIR showed no further changes. 


wash. 


XUM 


L. N. Lukens and J. M. Buchanan 


1801 


Properties of Carboxy-AIR 


Ultraviolet Absorption Spectrum—The ultraviolet absorption 
spectrum of carboxy-AIR at pH 8.2 has a maximum at 249 my 
(Fig. 2). The spectrum does not change with pH between the 
pH’s of 8 and 12 as judged by spectra determined at pH’s 8.7, 
9.9, 10.7, and 12. Due to the difficulties in the isolation of car- 
boxy-AIR, occasioned by its instability in acid solution, it has not 
been possible to date to obtain a sample of sufficient purity to 
enable the calculation of a molecular extinction coefficient. As 
judged from pentose and phosphate analyses, the sample of car- 
boxy-AIR used for the determination of the ultraviolet spectrum 
was probably contaminated with organic phosphorus. However, 
it is believed that this material does not contain significant ab- 
sorption in the ultraviolet region. Although it is not possible 
to determine accurately, from this sample, the molecular extine- 
tion coefficient of carboxy-AIR, an estimate of 1 < 104 at 250 mu 
in alkaline solution was obtained from preliminary analysis of the 
compound for pentose, phosphorus, and glycine produced upon 
hydrolysis. 

In 0.25 n HS O, carboxy-AIR has a two-peaked absorption 
spectrum (Amax at 243 and 264 my) which resembles in this respect 
the spectrum for 5-amino-4-imidazolecarboxylic acid at pH 5 de- 
scribed by Rabinowitz. In this acidic solution carboxy-AIR de- 
carboxylates to form AIR and the spectrum of the solution shows 
a corresponding decrease in the absorption peaks. After 2 to 3 
hours at room temperature the solution exhibits only the end ab- 
sorption characteristic of AIR (2). The rates of decarboxylation 
of carboxy-AIR and of 5-amino-4-imidazolecarboxylic acid in 
0.05 nN HSO, are the same, as measured by the rate of decrease 
of the absorbance at 265 mu. 

Absorption Spectrum of Colored Derivative of Carboxy-AIR— 
The colored derivative produced from carboxy-AIR in the pro- 
cedure of Bratton and Marshall has its maximal absorption at 520 


1.0 


Absorbance 
Absorbance at A Mox. 


25 235 255 275 
Wove Length mu 


295 


Fig. 2. Ultraviolet absorption spectrum of carboxy-AIR. The 
sample of carboxy-AIR was dissolved in 0.01 M Tris-chloride buffer, 
pH 8.2. 
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Fig. 3. Absorption spectrum of the colored derivative produced 
by reaction of carboxy-AIR with the Bratton and Marshall rea- 
gents. 


muy, as illustrated in Fig. 3. Although the maximal absorption 
has been consistently observed at 520 my with various samples of 
purified carboxy-AIR, the exact shape of the spectrum is not 
strictly reproducible due to the instability of carboxy-AIR. If 
any AIR is present due to decarboxylation of carboxy-AIR, the 
absorption characteristics of the resulting colored solution is 
shifted towards 500 my, where the derivative of AIR absorbs 
maximally. It was not possible to calculate accurately the molar 
extinction coefficient of the colored product formed from carboxy- 
AIR for the reasons described above, but it is of the order of 
magnitude of 1.5 « 104 at 520 mu. Approximately the same 
absorption spectrum is given by the aglycone of carboxy-AIR, 5- 
amino-4-imidazolecarboxylic acid, when subjected to this pro- 
cedure. Both the aglycone and the ribonucleotide decarboxylate 
in acid solution (e.g. 0.05 n H.SO, at room temperature for 5 
hours) to the aminoimidazole compounds, which yield the orange 
color in the Bratton and Marshall procedure characteristic of 
these compounds. 

It should be noted that Rabinowitz (4) has reported that the 
colored product from 5-aminoimidazole has its absorption maxi- 
mum at a longer wave length than does that from 5-amino-4- 
imidazolecarboxylic acid whereas in this laboratory aminoimida- 
zole or aminoimidazolecarboxylic acid (or their corresponding 
phosphoribosy! derivatives) have been found to form products 
which absorb maximally at 500 and 520 mu, respectively, when 
treated uccording to the Bratton and Marshall procedure. This 
difference was accounted for by the use of stronger acid in the 
Bratton and Marshall procedure as performed by Rabinowitz. 
This higher acidity results in a marked shift of the absorption of 
the colored derivatives of the aminoimidazole compounds to 
longer wave lengths, with little effect on the corresponding de- 
rivatives of the carboxylic acid compounds. When such condi- 
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tions were employed by us spectra consistent with those reported 
by Rabinowitz were obtained. 

The procedure of Bratton and Marshall may be used to dis- 
tinguish carboxy-AIR qualitatively from AIR, succino-AICAR, 
and AICAR since only carboxy-AIR and AICAR yield reddish 
purple colors when subjected to the usual procedure, which is 
performed at room temperature. The two latter compounds may 
be distinguished by the instability of carboxy-AIR in acid solu- 
tion. If a sample is adjusted to pH 1 or below and placed in a 
boiling water bath for 10 minutes, before being subjected to the 
Bratton and Marshall procedure, no color is obtained from car- 
boxy-AIR, while the full yield is realized from AICAR. 


Structure and Metabolism of Carboxy-AIR 


Presence of Carbon Atom of Bicarbonate in Carboxy-AIR—One 
of the requirements for establishing the structure of carboxy-AIR 
was the demonstration that it contained radioactive carbon de- 
rived from C“O,. Accordingly, carboxy-AIR was synthesized by 
incubation of radioactive bicarbonate with unlabeled AIR. The 
quantities of the components present in the incubation were com- 
parable to those described previously. When no further synthe- 
sis of carboxy-AIR was observed, the proteins were precipitated 
by the addition of 4 ml. of 70 per cent perchloric acid and the 
radioactive carbon dioxide was removed by aeration. These op- 
erations were performed rapidly and the incubation mixture was 
kept at 0° in order to minimize the acid-catalyzed decarboxyla- 
tion of carboxy-AIR. After removal of the precipitated proteins 
by centrifugation, the supernatant solution was adjusted to pH 
9 with 10 n KOH and chromatographed at 3° on a column of 
Dowex 1-acetate. The AIR-containing fractions were devoid of 
significant radioactivity, whereas the fractions containing the 
carboxy-AIR were radioactive. The amount of radioactivity in 
the latter fractions was roughly proportional to the amount of 
carboxy-AIR present. To confirm that the radioactivity was 
present in carboxy-AIR and was not due to some contaminant, a 
sample of the eluted carboxy-AIR was chromatographed on 
Whatman No. | paper by the descending technique with the ace- 
tone: 2 mM triethylamine: water solvent (160:1:40 by volume, re- 
spectively) of Rabinowitz (4). The locations of carboxy-AIR 
and of the radioactivity were determined by spraying the paper 
with the reagents of the Bratton and Marshall procedure (8) and 
by placing the paper, after ruling it into squares, over the mica 
window of a Geiger-Miiller tube. The position of the carboxy- 
AIR (Rp, approximately 0.27) coincided with that of the radio- 
activity. 

Samples of carboxy-AIR labeled from CO, were converted to 
AIR enzymatically and by exposure to acid. The AIR produced 
in either case proved to be devoid of radioactivity. This find- 
ing confirmed (a) that the radioactivity in the carboxy-AIR sam- 
ple was present in carboxy-AIR itself and (6) that the conversion 
of carboxy-AIR to AIR is accompanied by loss of the C™-con- 
taining carboxyl group. The enzymatic conversion to AIR was 
performed by incubating 0.20 umole of carboxy-AIR in the ab- 
sence of bicarbonate for half an hour at room temperature with an 
excess (2 mg.) of the lower ethanol fraction from chicken liver (see 
“Methods”’). Protein was removed by centrifugation after plac- 
ing the incubation vessel in a boiling water bath for 1 minute. 
The material in the supernatant solution was identified as AIR 
both by the Bratton and Marshall procedure and by paper chro- 
matography with the same solvent as described above, in which 
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AIR has an Rp of approximately 0.40. It was shown that this 
AIR contained little or no radioactivity (5 ¢.p.m.) compared to 
the amount of radioactivity (320 c.p.m.) present in a correspond- 
ing sample of carboxy-AIR before incubation. 

Carboxy-AIR was converted chemically to AIR by chromatog- 
raphy of the former on paper with an ammonium isobutyrate buf- 
fer, pH 3.5, at room temperature (9). Upon treatment of the 
chromatogram with the Bratton and Marshall reagents, a single 
spot was observed which was orange in color and which had mi- 
grated at the rate (Rr = 0.54) characteristic of AIR in this sol- 
vent. 

Structure of Carboxy-A1R—The structure proposed for carboxy- 
AIR, acid 5’-phos- 
phate, is shown in Fig. 4. The 8- and p-configurations and the 
attachment of the phosphate group to the 5’-position of the ribo- 
svl moiety are assumed from the fact that carboxy-AIR is con- 
verted to inosinic acid, which has these structural characteristics, 
without the known occurrence of any reactions which could af- 
fect these properties. The structure of the imidazole moiety of 
carboxy-AIR was first suggested by its formation from AIR and 
(Os. The belief that the new compound differed from AIR only 
in the possession of a carboxy] group was confirmed by the finding 
that the carbon atom of radioactive bicarbonate was incorporated 
into and lost from carboxy-AIR during its synthesis from and deg- 
radation to AIR. It seemed certain that the carboxy] group was 
attached to position 4 of the imidazole ring because of the enzy- 
matic conversion of carboxy-AIR to AICAR, without any ap- 
parent opportunity for the carboxyl group to change its point of 
attachment. This conclusion was confirmed by a comparison of 
earboxy-AIR with 5-amino-4-imidazolecarboxylic acid. The 
properties of the latter compound have recently been described 
by Rabinowitz (4). The two compounds are strikingly similar 
in (a) their rates of decarboxylation in acid solution, (b) the ab- 
sorption spectra of the colored derivatives produced from them 
by the Bratton and Marshall procedure, and (c) the possession of 
an ultraviolet absorption peak in the 240 to 270 my range and in 
the two-peaked character of this spectrum in acid solution. 

The absorption peak at 249 my of carboxy-AIR in alkaline 
solution, in contrast to the nonspecific end absorption of AIR, 
provides physical evidence for the proposed structure of carboxy- 
AIR since it has been shown that the ultraviolet absorption of 
purines and related compounds is due to the presence of systems 
of the type—C =C—C=N or —C=C—C=0 (10). 

Evidence for Intermediary Role of Carboxry-AIR in Conversi 
of AIR to Succino-AICAR—The formation of carboxy-AIR from 
AIR (Reaction 3) has been described in the preceding sections. 
Evidence for the participation of this product in the synthesis of 
purines, and in particular in the formation of succino-AICAR 
according to Reaction 4, is presented in Table I. In contrast to 
the synthesis of succino-AICAR from AIR, the corresponding 
synthesis from carboxy-AIR does not require the participation of 
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TABLE [ 
Enzymatic conversion of carboxry-AIR to succino-AICAR 


Each vessel contained the following quantity of materials ex- 
pressed in wmoles: sodium salt at ATP, 0.15; potassium L-aspar- 
tate, 1; magnesium acetate, 20; Tris-chloride buffer, pH 8.4, 40; 
the lower ethanol fraction from chicken liver (see ‘“Methods’’), 
0.4 mg; the 30 to 45 per cent ethanol fraction from chicken liver, 
12 mg., and, where indicated, the sodium salt of AIR, 0.07; the 
sodium salt of carboxy-AIR, approximately 0.15, and KHCOs;, 20, 
in a total volume of 0.55 ml. The 30 to 45 per cent ethanol frac- 
tion was prepared directly from chicken liver extract and con- 
tained the enzyme which converts succino-AICAR to AICAR. 
The vessels were incubated for 5 minutes at 38° and the reaction 
was terminated by the addition of 0.1 ml. of 30 per cent trichloro- 
acetic acid. After removal of the precipitated protein by centrifu- 
gation, a 0.40 ml. aliquot of the supernatant solution was subjected 
to the Bratton and Marshall procedure under the conditions for 
measuring AICAR in the presence of AIR, as described in Paper 
XXIII. 


Additions AICAR synthesized 
myumoles 
18.0 
Carboxy-AIR + KHCO,; ....... 18.5 


bicarbonate. The substrates ATP and aspartic acid are required, 
however. The synthesis of succino-AICAR is favored, in the ex- 
periment illustrated in Table I, by the inclusion in the reaction 
medium of an excess amount of the enzyme, adenylosuccinase, 
which catalyzes the cleaving of succino-AICAR to AICAR and 
fumaric acid (11). One mole of ATP was shown in Paper XXIII 
(3) to be broken down to ADP and inorganic phosphorus for 
every mole of succino-AICAR synthesized from AIR. Since the 
formation of carboxy-AIR from AIR has been found to be inde- 
pendent of the presence of ATP, it follows that the observed 
stoichiometric breakdown of ATP occurs during the conversion 
of carboxy-AIR to succino-AICAR as shown in Reaction 4. 


Partial Purification of AIR-Carbozxylase 


An 18-fold purification of the enzyme responsible for the syn- 
thesis of carboxy-AIR from AIR and CQ, has been achieved by 
the procedure outlined below. The steps described represent a 
preliminary approach to the preparation of the enzyme in large 
quantities, and although some steps result in rather low yield, 
they have been included to permit the subsequent application of 
more successful procedures. An additional purification step on a 
column of DEAE-cellulose permitted the purification of the en- 
zyme another 3-fold but has not been included in Table IT since 
it was performed on only a relatively small scale and the details 
of the method have not been adapted yet to large scale prepara- 
tions. 

Enzyme Assay—The activity of the enzyme was determined by 
measuring the increase in absorbance at 270 my. The reaction 
mixture contained in ywmoles: the potassium salt of AIR, 0.1; 
KHCO;, 160; Tris-chloride, pH 8, 40; and the enzyme in a total 
volume of 0.40 ml. After exactly 10 minutes at 38° the reaction 
was stopped by the addition of 0.04 ml. of 10 n KOH. The ab- 
sorbance at 270 my was then measured as soon as possible with a 
Beckman DU spectrophotometer equipped with a photomulti- 
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TABLE II 
Purification and recovery of enzyme from chicken liver 
Fraction Volume; Units Specific Recovery 
units/ 
ml. x 10-8 protein % 
x 10-3 
4500 | 43.6 | 1.97 | 100 
2200 | 31.4 3.17 72 
III. Second (NH,4)2SO,4............. 645 | 12.9 | 3.85 30 
IV. Supernatant solution after di- 
V. 0.15 mM potassium phosphate 
eluate of Ca;(PO,4)2 gel...... 1430 | 11.8 28.4 27 
79 | 7.6 (36.4 17 


plier and an attachment for the use of micro-cells. The solutions 
were read against a similarly treated blank which contained the 
complete system except enzyme. To correct for any increase in 
absorbance due to absorption by the enzyme, itself, incubations 
in which the enzyme was added after KOH were also run for 
every level of enzyme. A unit of enzyme was defined as that 
amount which gave an increase in absorbance of 0.100 at 270 my 
under the conditions of the assay. The reaction proceeded lin- 
early with time, and was a linear function of enzyme concentra- 
tion, provided the total increase in absorbance did not exceed 
approximately 0.3. 

Purification of Enzyme—All operations were performed at 3°. 
The acetate buffers were prepared by adjusting acetic acid with 
NaOH or KOH to give a 1 M acetate buffer at the desired pH. 
These solutions were diluted for use as indicated. Ten pounds 
of fresh chicken livers were ground in a Hobart meat grinder and 
extracted for 1 minute with 1.5 volumes of 0.05 m sodium acetate 
buffer, pH 5.4, in a Waring Blendor. The resulting suspension 
was centrifuged at 5300 x g for 1.5 hours in a Stock centrifuge’ 
with a capacity of 8.01. Unless otherwise noted, all the precipi- 
tates which occurred during this preparation were collected by a 
similar centrifugation. The supernatant fluid (4.5 1.) was poured 
through a funnel containing glass wool to remove suspended fatty 
material (Fraction I). The filtrate was then fractionated by the 
addition of solid (NH4)2SO,4 with mechanical stirring. The frac- 
tion precipitating between 30 and 55 per cent saturation was dis- 
solved in 2.2 1. of 0.005 mM potassium acetate buffer, pH 6, (Frac- 
tion II) and was refractionated with (NH,4).S0O,. The fraction 
precipitating between 25 and 45 per cent saturation was dis- 
solved in 645 ml. of 0.005 mM potassium acetate buffer, pH 6, (Frac- 
tion II) and placed in dialysis bags, 0.75 inch in diameter. The 
enzyme solution was dialyzed against 14 1. of 0.002 M potassium 
acetate buffer, pH 6, with one change of dialysis fluid, for the 
period of time necessary for precipitation of one-half of the pro- 
tein. The supernatant solution (Fraction IV) from the dialysis 
step, which retained the enzymatic activity, was treated with 
sufficient Ca.(PO,)> gel to adsorb 90 per cent or more of the en- 
zyme, as determined in a pilot experiment (dry weight of gel to 
weight of protein approximately 0.7:1). The enzyme solution 
and the desired amount of moist packed gel were thoroughly 
mixed by gently stirring the suspension 14 hour at reduced speed 
in a Waring Blendor. The gel and adsorbed enzyme were col- 
lected by centrifugation and stirred again in the Blendor for 4 


3 Purchased from Wilhelm Stock, Marburg, Germany. 
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hour with a volume of 0.05 mM potassium phosphate buffer, pH 7, 
equal to the volume of Fraction IV. The gel was collected and 
again washed with the same volume of the preceding buffer. The 
enzyme was then eluted by treatment of the gel two times with 
the same volume of 0.15 M potassium phosphate buffer, pH 7 
(Fraction V). This solution was then fractionated with solid 
(NH,).S0,, and the fraction which precipitated between 35 and 
50 per cent saturation was collected and dissolved in 79 ml. of 
0.005 m Tris-chloride buffer, pH 7. This enzyme preparation js 
18-fold more purified than the enzyme present in the crude 
chicken liver extract. The recovery of activity was approxi- 
mately 17 per cent. The enzyme in Fraction V may be purified 
another 3-fold by chromatography on a column of DEAE-cellu- 
lose. With this step the enzyme has been purified approximately 
50-fold based on its specific activity in the crude extract. The 
final over-all yield was 9 per cent. Five ml. of Fraction V were 
dialyzed overnight against 3 1. of 0.005 m potassium phosphate 
buffer, pH 7, and were placed on a cellulose column, 1 cm. in di- 
ameter by 18 em. in height. The DEAE-cellulose was washed 
before use with 1 nN NaOH and water, and the pH adjusted to7 
by treatment with 1 m KH.PO,. The column was developed 
with solutions of potassium phosphate buffer, pH 7, ranging in 
concentration from 0.005 to 0.1 Mm. When the concentration of 
buffer reached 0.035 m, the elution of the enzyme began. 


SUMMARY 


The origin of carbon atom 6 of the purine ring from carbon di- 
oxide during the synthesis of the purine ring by avian liver has 
been shown to be due to the reaction: 
5-Amino-1-ribosylimidazole 5'-phosphate (AIR) + carbon 

acid 5’-phosphate (carboxy-AIR) 


dioxide — 


Carboxy-AIR has been synthesized enzymatically and isolated as 
the barium salt after ion exchange chromatography. It is con-— 
verted enzymatically to N-(5-amino-1-ribosyl-4-imidazoly lcar- 
bonyl)-L-aspartic acid 5’-phosphate (suecino-AICAR) in the pres- 
ence of adenosine 5’-triphosphate and aspartic acid in accordance 
with the reaction: 


Carboxy-AIR + ATP + aspartic acid — 
succino-AICAR + ADP + inorganic phosphate 


Succino-AICAR is converted to inosinic acid by known reactions. 

The presence of the carbon atom of carbon dioxide in carboxy- 
AIR was established by the presence of radioactivity in carboxy- 
AIR which was synthesized from the incubation of unlabeled 
AIR with radioactive carbon dioxide. The location of the ear- 
boxy] group in earboxy-AIR at carbon 4 of the imidazole ring was 
concluded from the enzymatic conversion of carboxy-AIR to sue- 
cino-AICAR. The structure of carboxy-AIR was confirmed by 
comparison with the corresponding aglycone, 5-amino-4-imida- 
zolecarboxylic acid. The two compounds were found to have the 
expected resemblances in their instability in acid solution, their 
behavior in the Bratton and Marshall procedure, and in their 
spectra. A partial purification of the enzyme which catalyzes 
the synthesis of carboxy-AIR from AIR and carbon dioxide, 
ATR-carboxylase, is reported. 


Acknowledgment—The authors wish to thank Mrs. Vivienne 
Morphett for valuable technical assistance. 
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Succino-AICAR!:? has been previously implicated as an inter- 
mediate in the pathway of purine biosynthesis de novo in ex- 
tracts of avian liver (1, 2). This compound is formed when AIR 
is incubated with ATP, bicarbonate, magnesium ions, and aspar- 
tic acid in the presence of the appropriate fraction from pigeon 
or chicken liver (3). Succino-AICAR is cleaved by another en- 
zyme which is present in soluble preparations of avian liver and 
also in extracts of Escherichia coli, Neurospora crassa, Salmonella 
typhimurium, human liver, beef liver, and bakers’ yeast. The 
products of the cleavage of succino-AICAR were shown by 
Lukens and Buchanan (2) to be AICAR and a mixture of fumaric 
and malic acids, when crude enzyme preparations were employed. 

The present paper describes the purification and properties of 
the cleaving enzyme from chicken liver and bakers’ yeast and 
provides evidence for the positive identification of fumaric acid 
as the dicarboxylic acid which is initially formed when succino- 


AICAR is converted to AICAR (Reaction 1). 


“OOCCH, CHCOO 
he 
o= 4 
\ ca \ 
\,, I CH 


+ OOCCH = CHCOO 


Succino - AICAR Fumarate 


REACTION | 


Due to the apparent structural similarities between succino- 
AICAR, adenylosuccinic, and argininosuccinic acids, the specific- 


* A preliminary report of this work has been published (1). 
This work has been supported by grants-in-aid from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service, and the National Science Foundation. 

t Predoctoral fellow of the National Science Foundation (1956 


to 1959). 

t Predoctoral fellow of the National Science Foundation (1954 
to 1956). 

1 The abbreviations used are: succino-AICAR, N-(5-amino-1- 
ribosyl-4-imidazolyl-carbonyl)-L-aspartic acid 5’-phosphate; AIR, 
5-amino-l-ribosylimidazole 5’-phosphate; AICAR, 5-amino-1-ri- 
bosyl-4-imidazolecarboxamide 5’-phosphate. 

2 A trivial name for each of the following intermediates of 
purine biosynthesis has been used in previous communications: 
succino-AICAR, 5-amino-4-imidazole-N -succinocarboxamide ribo- 
nucleotide; AICAR, 5-amino-4-imidazolecarboxamide ribonucleo- 
tide; AIR, 5-aminoimidazole ribonucleotide. 


ity of the cleaving enzyme with respect to these compounds was 
investigated. Several lines of evidence lead to the conclusion 
that the cleaving enzyme may be identical with adenylosuccinase 
as purified by Carter and Cohen (4). 


EXPERIMENTAL 


Materials 


AICAR was prepared in quantities of 0.3 mmole by the method 
of Flaks et al. (5). Suecino-AICAR was prepared by the method 
of Lukens and Buchanan (3). For large scale preparations, how- 
ever, it was found more convenient to convert AICAR to succino- 
AICAR by reversal of the cleaving reaction. In one experiment 
138 umoles of purified AICAR were incubated with 1.35 mmoles 
of sodium fumarate and 18 units of the most highly purified en- 
zyme fraction from yeast in a final volume of 15 ml. The reac- 
tion was allowed to proceed at 37° for 4 hours after which time 
the mixture was heated in a boiling water bath for 2 minutes and 
chilled. Succino-AICAR was obtained in about 80 per cent vield 
in this way, based on the disappearance of AICAR. In order to 
free the succino-AICAR from impurities the solution was diluted 
to 500 ml. with water and passed through a column of Dowex 1 
ion exchange resin, 10 per cent cross-linked, in the bromide form. 
The dimensions of the column used were 15 X 2em. After wash- 
ing the column with water, succino-AICAR was eluted with 0.008 
n HBr, the elution being followed by ultraviolet absorption and 
the modified Bratton and Marshall assay (3). In this way suc- 
cino-AICAR was freed from AICAR and from ADP if the AI- 
CAR used in the reaction contained only traces of ADP. 

Generous gifts of adenyvlosuccinic acid were obtained from Dr, 
C. E. Carter. This compound was also synthesized from fu- 
maric acid and AMP by the method of Carter and Cohen (4). 
Argininosuccinic acid was the generous gift of Dr. S. Ratner. 6- 
(L-1 5’- 
phosphate was kindly supplied by Dr. A. Hampton. AMP was 
purchased from Pabst Laboratories. Strain 74 A, wild type, of 
N. crassa and three of the “‘F’’ mutants thereof were furnished 
by Dr. N. H. Giles and Dr. C. W. H. Partridge. Dry bakers’ 
yeast was obtained from Anheuser Busch, Inc. Chicken livers 
were procured fresh and stored at 2° not more than 3 hours be- 
fore use. 


Methods 


Preparation of Succino-AICAR Cleaving Enzyme from Liver— 
The cleaving enzyme was purified several fold from chicken liver 
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with the specific intention of removing the contaminating en- 
zyme, fumarase. Chilled chicken livers were minced and ho- 
mogenized in a Waring Blendor in a solution containing 35 parts 
by volume of 0.1 M K,HPO,, pH 7,3 and 45 parts of distilled 
water. The insoluble fraction was removed by centrifugation in 
the Stock centrifuge‘ (8 |. capacity) at 0° for 3 hours at 5,300 x g. 
The cloudy supernatant fluid was fractionated with 90 per cent 
ethanol. The fraction precipitating between 30 and 45 per cent 
ethanol at —35° was collected by centrifugation in the Stock cen- 
trifuge at 5,300 x gforl hour. The precipitate was taken up in 
distilled water and lyophilized to dryness. The powder, which 
was obtained in a yield of 28 gm., could be stored indefinitely at 
—20° without loss of enzymatic activity. 

For further purification 3 gm. of the lyophilized powder were 
taken up in 100 ml. of cold 0.05 m potassium acetate buffer, pH 
5.4, and heated in a constant temperature bath at 53° for 3.5 
minutes. The suspension was then rapidly cooled in a —5° ice 
bath and the resulting coagulum removed by centrifugation in 
the cold. For each ml. of clear supernatant solution 1.5 mg. of 
centrifuged calcium phosphate gel were then added. After cen- 
trifugation the supernatant solution was fractionated with 90 per 
cent ethanol. The fraction precipitating between 20 and 45 per 
cent ethanol was collected by centrifugation, dissolved in dis- 
tilled water, and lyophilized. The dry powder was taken up in 
0.05 m potassium acetate buffer, pH 5.4, to give a protein concen- 
tration of 25 mg. per ml. This concentrated solution was heated 
in a water bath at 59° for 1.5 minutes and then rapidly cooled. 
The coagulum was removed by centrifugation. The second heat 
step resulted in some loss of enzymatic activity but was retained 
because of its effectiveness in causing the destruction of most 
of the remaining fumarase. The cleaving enzyme derived from 
liver sources was evidently more labile during heating than the 
enzyme purified from yeast, since the latter could be heated at 60° 
for periods up to 15 minutes with less than 10 per cent loss of ac- 
tivity. Table I shows approximate yields and degrees of purifi- 
cation of the cleaving enzyme when carried through the proce- 
dures described. In the case of the liver-derived enzyme, a unit 
of enzyme activity is defined as the amount of enzyme which 
forms 0.01 umole of AICAR in 30 minutes at 38° from 0.06 
umole of succino-AICAR in a volume of 0.43 ml. at pH 7.0. 
The rate of formation of AICAR under these conditions is linear 
if less than 0.03 umole of AICAR is synthesized. 

Isolation of Cleaving Enzyme from Yeast—The purest prepara- 
tions of cleaving enzyme obtained were prepared from bakers’ 
veast by a procedure, the initial steps of which were similar to 
those used by Carter and Cohen (4) in purifying adenylosuccin- 
ase. One kg. of dry bakers’ yeast was suspended in 3 1. of 0.1 m 
NaHCO; and stirred at 37° for 5 hours. The mixture was frozen, 
thawed, and stirred at 37° for an additional hour. The autoly- 
sate was centrifuged in the Stock centrifuge at 5,300 x g for 30 
minutes. To the supernatant fluid 628 gm. of ammonium sulfate 
were added slowly at room temperature. The mixture was then 
stirred for an additional 30 minutes and the insoluble material was 
collected by centrifugation as before. The precipitate was taken 
up in 400 ml. of distilled water at 2°, 80 gm. of ammonium 
sulfate were added slowly, and the mixture was stirred at 2° for 


3 All phosphate buffers mentioned in the text were made up by 
dissolving a weighed amount of KH2PO, or NaH.,PO,-H.O in 
water, neutralizing to the desired pH with NaOH or KOH, and 
adding water to volume. 

‘Purchased from Wilhelm Stock, Marburg, Germany. 
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TaBLe I 
Purification of cleaving enzyme from liver 


| Units of 


Cusyme 
Fraction Protein | activity Yield 
| per mg. 
_ protein 
ms. % 


...... 25,000 0.22 | 5450; 100 
II. Ist ethanol fractionation © 3,000 1.70 | 5100 93 
III. Ist heat step............ 1,580 | 2.75 | 4350 80 
IV. Gel supernatant fluid... 1,270 | 3.25 | 4130 76 
V. 2nd ethanol fractionation. 1,100 3.75 | 4130 7 
VI. 2nd heat step............ 800 | 3.25 2600 43 


20 minutes. The precipitate was removed by centrifugation at 
15,000 x g at 2° and discarded. Ammonium sulfate, 35 gm., 
was added to the supernatant solution while the temperature was 
brought to 25°. The precipitate was collected by centrifugation 
at this temperature and dissolved in 175 ml. of cold distilled 
water. The resulting solution contained appreciable amounts of 
fumarase as well as high activity for the cleaving of both succino- 
AICAR and adenylosuccinate. It was possible to store this prep- 
aration at —20° without loss of enzymatic activity. It is inter- 
esting to note that this solution had a much higher activity for 
the cleaving of succino-AICAR than did the most highly purified 
chicken liver fractions. 

In order to remove fumarase and to accomplish further purifi- 
cation, the solution, prepared as described above, was heated at 
60° for 10 to 15 minutes. The exact time of heating was pre- 
determined by heating 0.1 ml. aliquots in small glass test tubes 
for periods varying from 8 to 15 minutes. The resulting coagu- 
lated fluid was rapidly cooled in an ice bath, diluted to 1 ml. with 
0.1 M potassium phosphate buffer, pH 7.3, and assayed for fu- 
marase and succino-AICAR cleaving activity. The period of 
heating which permitted retention of 90 per cent of the cleaving 
activity with complete inactivation of fumarase was then em- 
ployed in treating the remainder of the fraction. 

The cleaving enzyme was chromatographed on DEAEF-cellu- 
lose (6) to obtain further purification. Eastman DEAE-cellulose 
was washed a number of times with water and then neutralized 
to pH 7.2. For large scale preparations a glass column with an 
inside diameter of 9 mm. was employed, the ion exchanger being 
loosely packed in the column to a height of 20 cm. The entire 
supernatant solution obtained by heating ammonium sulfate 
fractions from 1 kg. of dry yeast was dialyzed against 0.005 mM 
potassium phosphate buffer at pH 7.2, and then poured onto the 
washed column. Elution of the column was accomplished by 
gradient elution, the upper vessel containing 0.15 mM potassium 
phosphate, pH 5.9, and the mixing vessel containing 0.01 m po- 
tassium phosphate, pH 7.2. The cleaving enzyme was eluted 
after approximately 0.65 |. had passed through the column. 
Fractions containing significant cleaving activity were pooled 
and the pH adjusted to 7.2. This preparation was stable at 
—20° for a number of days, although some loss of activity oe- 
curred on dialyzing or on thawing and refreezing the solution a 
number of times. 

Isolation of Cleaving Enzyme from N. crassa—Mycelial extracts 
of N. crassa, strain 74 A, were found to contain considerable 
amounts of cleaving activity for both suecino-AICAR and aden- 
vlosuccinie acid. The mold was grown for 3 days on Fries mini- 
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mal medium, with 40 mg. of adenine sulfate added per liter of 
culture in the case of the “F’’ mutants which require adenine for 
growth (7). The mycelia were filtered on a Buchner funnel, 
washed with water, and ground with clean sand in cold 0.06 m 
potassium phosphate buffer, pH 7.0. The mixture was allowed 
to stand for 1 hour at 2°. Centrifugation in a Servall centrifuge 
at 15,000 g. removed sand, intact mycelia, and insoluble fatty 
fractions and left a cloudy supernant fluid which was used in the 
enzymatic tests. 

Chromatography—Paper chromatography was employed in 
identifying the products of the cleavage of succino-AICAR. Suc- 
cino-AICAR, formed from C'*-aspartic acid, was incubated with 
2 mg. of purified cleaving enzyme from chicken liver or with 0.05 
mg. of highly purified cleaving enzyme from yeast for 15 to 30 
minutes at 37° in a volume of 0.43 ml. After incubation the 
vessels were immersed in a boiling water bath for 1 minute, and 
placed in a clinical centrifuge for 5 minutes. The clear super- 
natant solution was drawn off and evaporated to 0.1 ml. over 
P.O; ina vacuum. The residual solution was chromatographed on 
Whatman No. | paper with the descending technique. <A solvent 
consisting of 4 N formic acid saturated with n-butanol was found 
to be suitable for identification of the dicarboxylic acid formed 
initially when succino-AICAR is converted to AICAR. This sol- 
vent separates succinic, malic, pyruvic, maleic, and oxaloacetic 
acids from fumaric acid. The position of the dicarboxylic acids 
on the chromatograms was ascertained by spraying with an 
ethanolic solution of bromcresol green and by determination of 
radioactivity. The distribution of radioactivity was determined 
by ruling the paper into squares and by counting each square 
over the window of a Geiger counter. The nucleotides remain 
within 2 cm. of the origin and thus do not interfere with the 
determination of radioactivity in the dicarboxylic acid spots. 

Assay Procedures: Enzymatic Activities—In the case of the 
enzymes obtained from yeast and Neurospora, cleaving activity 
was measured by incubating aliquots of enzyme solutions for 6 
minutes at 38° with 0.061 umole of succino-AICAR and 4.5 
umoles of potassium phosphate buffer, pH 7.2, in a final volume 
of 0.65 ml. The reaction was stopped by addition of 0.15 ml. of 
30 per cent trichloroacetic acid and a 0.4 ml. aliquot was with- 
drawn for determination of AICAR by the modified Bratton and 
Marshall assay (5). A unit of enzymatic activity was defined as 
that amount of enzyme which caused a change in absorbance of 
1.0 in 1 minute. The molecular extinction coefficient of the 
colored derivative of AICAR produced in the Bratton and Mar- 
shall procedure is 26,400 at 540 my (5). Suecino-AICAR was 
determined where necessary by a modification of the Bratton 
and Marshall assay as described by Lukens and Buchanan (3). 

Adenylosuccinase activity was determined spectrophotometric- 
ally by a method similar to that described by Carter and Cohen 
(4). Each Beckman cuvette contained 50 yumoles of sodium 
phosphate buffer, pH 7.3, and enzyme in a volume of 2.2 ml. 
The reaction was initiated by the addition of 0.11 umole of so- 
dium adenylate. The decrease in absorbance at 280 mu was 
followed. An identical cuvette lacking the substrate served as 
a control. Enough enzyme was added initially to lower the ab- 
sorbance at 280 my from 0.69 to about 0.25 in 10 minutes. Under 
these conditions the reaction proceeded at a constant rate. A 
unit of adenylosuccinase activity was defined as that amount of 
enzyme which caused a change in absorbance of 1.0 in 1 minute. 
The molecular extinction coefficient of adenylosuccinate was 
taken as 13,600 at 280 my (4). 
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Fumarase—Fumarase activity was determined spectrophoto- 
metrically. Each Beckman cuvette contained initially 2.48 
umoles of sodium fumarate, 270 umoles of potassium phosphate 
buffer, pH 7.3, and protein in a final volume of 3.0 ml. The 
absorbance at 250 my was determined as a function of time. A 
control vessel contained the same amount of protein as the re- 
action vessel, but lacked sodium fumarate. The molecular ex- 
tinction coefficient of fumaric acid at 250 my is 1,450 (8). Under 
the conditions described, the absorbance of the reaction mixture 
before starting the reaction was 1.20. Since at equilibrium 
about 80 per cent of the fumarate was converted to malate (8, 9), 
the absorbance at equilibrium was 0.240, malate having virtually 
no absorption at the wave length employed. 

Protein—Protein concentrations were determined  spectro- 
photometrically by measuring the ultraviolet absorption at 280 
muy in the case of the liver preparations. It was assumed that 
1 mg. of protein per ml. gave on an absorbance of 1.6 in a light 
path of 1 em. (10). In estimating protein concentrations of ex- 
tracts of microorganisms the Lowry method was employed (11), 
Bovine albumin was used as a standard in the latter assay. 


RESULTS 


A consideration of the structures of suecino-AICAR and AI- 
CAR reveals that the 4-carbon chain derived from aspartic acid 
has been cleaved in the conversion of succino-AICAR to AICAR. 
In earlier experiments radioactive succino-AICAR derived en- 
zymatically from aspartic acid-4-C™ yielded on cleavage, two 
radioactive, acid-reacting spots corresponding to fumarie and 
malic acids. In the presence of crude cleaving enzyme in chicken 
liver extract, 3 to 4 times more malate than fumarate was formed, 
as judged by the radioactivity present in the 2 spots. The ratio 
of malate to fumarate observed in this case is in agreement with 
the values for the malate-fumarate equilibrium in the presence 
of fumarase reported by Alberty et al. (8). When the cleaving 
enzyme had been partially purified it became possible to posi- 
tively identify the dicarboxylic acid which was formed by the 
action of the cleaving enzymeonsuccino-AICAR. Table IT illus- 
trates the results of a chromatographic analysis of incubation 
mixtures after cleaving of succino-AICAR with enzyme at differ- 
ent stages of purification. 

As may be seen from the results of Vessel 3, Table II, fumarate 
was the exclusive dicarboxylic acid product of the reaction when 
short incubations (15 minutes) with purified cleaving enzyme 
were employed. A slight radioactive spot corresponding to mal- 
ate could be detected when longer incubations were used (Vessel 
2). This finding would indicate that very small residual amounts 
of fumarase are still present in the purified enzyme. In Vessel 4, 
10 wmoles of unlabeled fumarate were added to the incubation 
mixture before chromatography. Only one ultraviolet, acid- 
reacting spot was detected, which coincided exactly with the 
single radioactive spot found in the region of the chromatogram 
corresponding to fumaric acid. When the most purified fraction 
from yeast was employed in a similar experiment no malate 
could be detected by chromatography even after an incubation 
period of 2 hours. This preparation was thus free from traces of 
fumarase. These results establish that fumarie acid is the di- 
carboxylic acid formed by the action of the cleaving enzyme on 
succino-AICAR. 

Evidence for Identity of Cleaving Enzyme and Adenylosuccinase 
—The circumstantial evidence favoring the probability that the 
activities for the cleaving of the succino-AICAR and adenylosuc- 
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TABLE II 


Identification of dicarboxylic acid liberated in cleavage 
of succino-AICAR-C'* 

Each incubation vessel contained 0.10 umole of succino-AICAR 
and the indicated enzyme fraction which had been dissolved in 
0.05 M potassium acetate buffer, pH 5.4. Chromatography was 
carried out as described under ‘‘Methods.’’ 


| Identification of 
products of 
reaction 
| Radio- 
Incuba- activit 
Vessel | Addition to vessel tion Acid in aci 
| time reaction reacting 
with R area 
bromo- F 
cresol 
green 
| min. 
1 | 30 to 40 per cent ethanol | 15 + 0.838 | 557 
fraction of chicken liver 
extract + 0.452 544 
2 | Partially purified enzyme* | 15 + 0.813) 514 
| — 0.426T 16 
3 | Partially purified enzyme 5 + (0.813 314 
— 0.426f 0 
4 | Partially purified enzyme 15 + 0.806 | 586 
plus unlabeled fumarate — (0.426f 0 
(6 umoles) 
Fumarate marker + 0.806 
Malate marker + 0.426 


* Succino-AICAR cleaving enzyme purified from chicken liver 
through the second heat step. 

+ Radioactivity measurements were made at the Rp of malic 
acid even in the absence of a visible acid reaction in this vicinity. 


cinate reside in the same enzyme has come from several inde- 
pendent types of experiments. 

Concurrence of Cleaving Activity with Adenylosuccinase during 
Purification from Yeast—As shown in Table III, the ratio of 
adenylosuccinase activity to succino-AICAR cleaving activity of 
the yeast enzyme remained constant within the limit of error of 
the methods. Although evidence of this type is most significant 
only when performed on a highly purified enzyme, the present 
findings are indicative, however, of the identity of the two activ- 
ities when taken in conjunction with other experiments reported 
below. 

Inhibition of Conversion of Succino-AICAR to AICAR—When 
varying amounts of adenylosuccinate were added to incubation 
mixtures containing succino-AICAR and purified cleaving en- 
zyme it was found that the conversion of succino-AICAR to AI- 
CAR was markedly inhibited. Under identical conditions ar- 
gininosuccinic acid (0.60 umole), adenylic acid (0.09 umole), and 
DL-aspartic acid (0.27 umole) did not noticeably inhibit the reac- 
tion. 

The succino-AICAR cleaving enzyme is more resistant to de- 
naturation by heat in the presence of adenylosuccinate than in 
its absence. Hampton et al. (12) have shown that 6-(L-1 ,2-di- 
carboxyethylmercapto) -9-8-pD-ribofuranosylpurine 5’-phosphate 
is an inhibitor of adenylosuccinase in the cleaving of adenylosuc- 
cinic acid. This compound, the 6 mercapto analogue of adenylo- 
succinic acid, was found in this laboratory also to inhibit the 
cleavage of succino-AICAR in the presence of purified cleaving 
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enzyme. Incubation of 2.8 umoles of the inhibitor at 38° for 
10 minutes with 0.9 umole of succino-AICAR, 25 umoles of so- 
dium phosphate buffer, pH 7.1, and 0.03 unit of purified cleaving 
enzyme caused an inhibition of the conversion of succino-AICAR 
to AICAR of 70 per cent. Preincubation of the enzyme with the 
inhibitor did not markedly influence its effect. 

Occurrence of Cleaving Activity for Succino-AICAR and Adenylo- 
succinase in Extracts of N. crassa—Since it was not possible to 
resolve the enzyme obtained from chicken liver or yeast respon- 
sible for the cleaving of succino-AICAR and adenylosuccinic acid 
into two components, an attempt was made to establish the 
identity or nonidentity of these enzyme activities with the use 
of an enzyme preparation from N. crassa (Strain 74A). Mycelial 
extracts of the wild type organism contain both activities for 
cleaving succino-AICAR and adenylosuccinie acid. Giles et al. 
(7) have shown that “F” mutants lack specifically the enzymatic 
activity for cleaving adenylosuccinie acid. When analysis was 
made in this laboratory for the cleaving of succino-AICAR in the 
“F” mutants (F-5, F-7, F-12) it was found that this activity was 
likewise absent. It is thus seen that this mutation is responsible 
for the loss of both enzymatic reactions and that in all probabil- 


TABLE III 


Purification of adenylosuccinase and succino-AICAR cleaving 
enzyme from yeast 


Succino-AICAR 
Adenylosuccinase (a) (b) Ratio 
Fraction speific 
Specifi E E activi- 
pecific nzyme cific nzyme ties 
activity | recovered | activ recovered 
ity 
onits units ‘ 
per mg. units) % unis) % (a)/(b) 
Centrifuged autolysate.| 0.055 2300! (100)| 0.20:9600; (100) 0.27 
Supernatant from heat 
0.66 1500 57 2.8 5900 61 | 0.24 
Pooled fractions from 
DEAE-cellulose col- 
9.90 (1100 48 38 4400 46 | 0.26 
TaBLe IV 


Inhibition of conversion of succino-AICAR to AICAR by 
adenylosuccinic acid 


Each vessel contained 90 mumoles of succino-AICAR and 0.8 
mg. of cleaving enzyme purified from chicken liver in a final 
volume of 0.80 ml. All vessels were incubated at 37° for 20 min- 
utes. The reaction was terminated by addition of 0.15 ml. of 30 
per cent trichloroacetic acid and denatured protein was removed 
by centrifugation. ATCAR was determined in a 0.40 ml. aliquot. 


: | Ratio of initial | 
Adenylosuccinate ord AICAR formed Inhibition 
| succino-AICAR 
mymoles mymoles % 
0 0 30.3 
25 0.28 26.0 14 
50 0.56 24.6 19 
75 0.83 19.9 34 
120 1.33 14.7 51 
300 3.33 13.7 55 
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Adenylosuccinase 
@—@ Succino-AICAR cleaving 
Enzyme 


Adenylosuccinose Activity (Change in Absorbance ot 280 ) 


Succino-AICAR Cleaving Activity (Absorbance 540 my) 


= 
| | | | | 3 
.05 10 15 .20 25 


KCI Concentration (M) 


Fia. 1. Effect of ionic strength on adenylosuccinase and on suc- 
cino-AICAR cleaving enzyme. In determining succino-AICAR 
activity, each incubation vessel contained: 0.02 unit of purified 
yeast enzyme, 0.075 umole of succino-AICAR and the indicated 
amount of KCl in 0.70 ml. of 0.00045 m sodium phosphate buffer, 
pH 7.3. The reaction was stopped after 10 minutes and AICAR 
determined. Adenylosuccinase activity was determined as de- 
scribed under ‘‘Experimental’’ except that the phosphate buffer 
concentration was 0.0006 m. Each cuvette contained 0.07 unit 
of adenylosuccinate as previously defined. The pH of all vessels 
was checked and found to be 7.3 within experimental error. 


O Phosphote buffer 
@ Glycy! glycine buffer 
Tris(hydroxymethy!) 
Amino methone butter 
= 
E .20 
Te) 
ro) 
c 
o 
a.10 
| | | | 
3 4 > 6 7 8 9 
pH 


Fig. 2. pH optimum of the conversion of succino-AICAR to 
AICAR. Each vessel contained 10 ywmoles of sodium phosphate 
buffer at the indicated pH values, 0.033 unit of the most highly 
purified splitting enzyme, and 0.10 umole of succino-AICAR in a 
final volume of 1.0 ml. The reaction was stopped after incuba- 
tion at 37° for 10 minutes with 0.10 ml. of 30 per cent trichloroace- 
tic and AICAR was determined in a 0.40 ml. aliquot by the pro- 
cedure described under ‘‘Experimental.’’ All values of pH were 
measured directly in the incubation mixtures before and after 
incubation with the Beckman model G pH meter. 
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ity in the wild type the enzymatic activities for both reactions 
reside in one protein. 

Effect of Ionic Strength on Succino-AICAR Cleaving Enzyme and 
Adenylosuccinase—Under carefully controlled conditions of pH, 
both enzymatic activities were influenced appreciably by the 
ionic strength of the incubation medium. This effect was pro- 
duced by monovalent and divalent ions, including ions of the 
following salts: KCl, LiCl, NaCl, K.SO,, NH,Cl, NaH.PO, 
(pH 7.2), MgCl. (pH 7.2, sodium and potassium free), imidazole 
hydrochloride (pH 7.0),  tris(hydroxymethyl)aminomethane 
(pH 7.2). The effect of KCI solutions on the enzymatic activities 
is illustrated in Fig. 1, the optimal ionic strength for both en- 
zymatic activities being about 0.063 mole per liter. On prein- 
cubation of 0.04 unit of the purest fraction of the succino-AICAR 
cleaving enzyme in 0.003 m sodium phosphate buffer, pH 7.2, at 
37° for 10 minutes, most of the enzymatic activity was lost if 
assayed without adding any additional salts to the incubation 
mixture. If, however, the preincubation were carried out in the 
presence of 0.063 m sodium phosphate buffer, pH 7.2, most of 
the activity was preserved. Addition of sodium phosphate buffer 
after preincubation at low ionic strength restored up to 50 per 
cent of the activity. This finding may indicate that the effect 
of salts is to maintain the enzyme in an active form. 

Characteristics of Succino-AICAR Cleaving Enzyme: pH Opti- 
mum—The optimal pH for the cleaving of succino-AICAR in the 
presence of 0.010 m sodium phosphate buffers was 7.3. At pH 4 
and 9 with other buffers of equivalent ionic strength, no enzy- 
matic activity was observed under the conditions described in 
Fig. 2. The optimal enzyme activity is in the neighborhood of 
pH 7.8 when a 0.01 m Tris buffer is used. It has been shown by 
Carter and Cohen (4) that the pH optimum of adenylosuccinase 
is in this same range. 

Determination of Michaelis Constant of Succino-AICAR—The 
method of Lineweaver and Burk (13) was used to determine the 
Michaelis constant of succino-AICAR at various ionic strengths 
and enzyme concentrations. When the concentration of succino- 
AICAR was varied from 0.08 mm to 0.90 mm in the presence of 
0.015 m sodium phosphate buffer, pH 7.3, the K,, was found to 
be 1.9 as reported in a previous publication (1). This 
determination was made with a relatively crude enzyme prep- 
aration. In later experiments where the most highly purified 
enzyme preparation was used somewhat smaller values of K,, 
were obtained. For example when the concentration of phos- 
phate buffer in the incubation medium was 0.04 m, a value of 
1.1 & 10-4 m was observed. 


TABLE V 
Equilibrium data for Succino-AICAR, AICAR, and fumaric acid 
The equilibrium concentrations of the substrates are given in 
umoles per ml. Incubation was carried out in a volume of 0.5 
ml. as described under ‘‘Results.’’ 


AICAR Succino-AICAR Fumarate Kg X 108 moles per |. 
0.28 0.87 6.21 2.0 
0.34 0.71 4.49 2.2 
0.91 2.06 5.63 2.5 
1.23 1.86 2.86 1.9 
0.60 0.97 4.70 2.9 
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Equilibrium between Succino-AICAR, AICAR, and Fumaric 
Acid—Equilibrium between the three substrates was accom- 
plished by incubating varying amounts of fumaric acid and AI- 
CAR or fumarie acid and succino-AICAR or all three with 0.5 
unit of the most purified cleaving enzyme and 10 umoles of potas- 
sium phosphate buffer, pH 7.2, at 37° for 180 minutes. The 
vessels were heated after incubation and succino-AICAR and 
AICAR were determined. Values for the equilibrium constant 
obtained with highly purified cleaving enzyme are shown in Table 
V. The value for the equilibrium constant published in a pre- 
liminary report of this work was obtained with preparations of 
cleaving enzyme which were only 35-fold pure and thus may have 
contained minute amounts of fumarase, the effect of which would 
only be noticeable after several hours of incubation. No fumarase 
activity was detected in the purest preparations from yeast even 
after 4 hours of incubation under the conditions described under 
“Methods” for determination of fumarase. 


DISCUSSION 


Partridge and Giles have recently demonstrated that 2 re- 
vertants of an “‘F”? mutant regain the same percentage of the 
lost enzymatic activity whether assayed for adenylosuccinase or 
succino-AICAR cleaving enzyme. These facts may indicate that 
the loss of both activities is the result of a single genetic event. 
The indication that a single mutation exerts the same effect on 
2 enzymatic activities makes it probable that only one enzyme 
is involved. The other evidence presented, including inhibition 
of the cleaving of succino-AICAR by adenylosuccinate and 6-(L- 
1 5’-phos- 
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phate and coincidence of the 2 activities after 170-fold purifica- 
tion, would tend to substantiate this view. A consideration of 
the structures of adenylosuccinic acid and succino-AICAR does 
not make this result seem too surprising since both ribonucleo- 
tides possess the imidazole ring, as well as the succino moiety. 
Despite the similarity of the cleavage of argininosuccinic acid to 
the cleavage of adenylosuccinate and succino-AICAR, no argin- 
inosuccinase activity was present in the purified succino-AICAR 
cleaving enzyme. 

Gots and Gollub (14) working with mutants of FE. coli have 
provided similar evidence for the identity of adenylosuccinase 
and the succino-AICAR cleaving enzyme. 


SUMMARY 


An enzyme which converts N-(5-amino-1-ribosyl-4-imidazolyl- 
carbonyl)-L-aspartic acid 5’-phosphate (succino-AICAR) to 5- 
amino-1-ribosyl-4-imidazolecarboxamide 5’-phosphate (AICAR) 
and fumaric acid has been purified 170-fold from bakers’ yeast. 
The ratio of activity of this enzyme to adenylosuccinase activity 
remains constant during purification. Several microbial mu- 
tants lacking adenylosuccinase have now been demonstrated to 
lack also the ability to carry out the cleavage of succino-AICAR. 
Behavior of the enzyme toward substrates and inhibitors lends 
further support to the view that both activities reside in a single 
enzyme. The equilibrium constant for the cleavage of succino- 
AICAR is 2.3 + 0.3 XK 10-* moles perl. The A,, of the enzyme 
for succino-AICAR is 1.1 X 10-4 moles per |. in the presence of 
0.04 m phosphate buffer. 
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During the process of inosinic acid biosynthesis two ‘‘1-carbon”’ 
units at the formate level of oxidation are added to intermediates 
and eventually become the 2 and 8 carbon atoms of the purine 
ring (1, 2). It has been established in these as well as in other 
transformylation reactions that the immediate formyl donors 
are derivatives of tetrahydrofolic acid (3-11). Studies on the 
two transformylation reactions of purine biosynthesis have been 
described by Greenberg et al. (5-7), Warren et al. (9, 10) and 
Flaks et al. (8, 11) who employed purified enzymes from avian 
liver in later stages of the work... These two enzymes, glycinamide 
ribonucleotide transformylase and 5-amino-4-imidazolecarboxamide 
ribonucleotide transformylase, catalyze, respectively, the formyla- 
tions of glycinamide ribonucleotide! and 5-amino-4-imidazole- 
carboxamide ribonucleotide. In neither of these transformyla- 
tion reactions was it possible to demonstrate unambiguously 
which of the formyltetrahydrofolic acid compounds was the 
immediate formyl donor. Because of their rapid interconversion 
both N?°-formyltetrahydrofolic acid and N!°-anhydroformyl- 
tetrahydrofolic acid were reactive in the presence of the purified 
enzymes. This interconversion, shown in Reaction 1, Diagram 
1, is catalyzed by the widely occurring enzyme, cyclohydrolase 
(12), but may also take place nonenzymatically at a lower rate 
(13). N*-formyltetrahydrofolic acid was shown not to be utilized 
in these transformylation reactions unless it was first converted 
to an active form either chemically or enzymatically (4, 9, 10). 

It is the purpose of this communication to report experiments 
in which specific requirements for formyl donors in the two 
transformylation reactions of inosinic acid synthesis are shown. 
Evidence is presented that these processes take place according 
to Reactions 2 and 3, Diagram 1. 

It has been impossible so far to obtain the enzyme responsible 
for Reaction 3 free from inosinicase, an enzyme which catalyzes 
the cyclization of chemically prepared 5-formamido-4-imidazole- 
carboxamide ribonucleotide to inosinic acid (Reaction 4, Diagram 


* This work has been supported by grants-in-aid from the Na- 
tional Cancer Institute, National Institutes of Health, United 
States Public Health Service, and the National Science Founda- 
tion. 

1 The following are systematic names of the intermediates of 
purine biosynthesis mentioned in this paper: glycinamide ribo- 
nucleotide, 2-amino-N-ribosylacetamide 5’-phosphate; formyl- 
glycinamide ribonucleotide, 2-formamido-N-ribosylacetamide 
5’-phosphate; 5-amino-4-imidazolecarboxamide ribonucleotide, 
5-amino-1-ribosyl-4-imidazolecarboxamide 5’-phosphate; 5-form- 
amido-4-imidazolecarboxamide ribonucleotide, 5-formamido-1-ri- 
bosyl-4-imidazolecarboxamide 5’-phosphate. 


1) (11). These two apparent activities may actually be prop- 
erties of the same catalytic unit so that the 5-formamido com- 
pound may not be a free intermediate in the transformylation 
reaction. 


EXPERIMENTAL 


Preparation of Enzymes—Some preparations of glycinamide 
ribonucleotide transformylase were contaminated by cyclohy- 
drolase throughout the purification procedure described by War- 
ren and Buchanan (9). However, if the solution of purified 
enzyme were stored at 2° for 3 or 4 months, a requirement for a 
specific formyl donor could then be shown. One preparation of 
this enzyme has been obtained by the usual procedure which 
did not require the period of storage before exhibiting the specific 
requirement for formyl donor. Certain preparations of this 
enzyme are markedly activated in the presence of one of a 
variety of compounds such as tryptophan, Versene (ethylene- 
diaminetetraacetate), or cyanide (9). Stimulations by cyanide 
varied from almost nil to about 10-fold with different enzyme 
preparations. That the action of cyanide is primarily to prevent 
inhibition by heavy metal ions by complexing with them is 
suggested by the finding that cyanide at a concentration of 2 x 
10-3 mt completely overcomes the total inhibition of the trans- 
formylase reaction produced by Cu*+* at 10-4 mM 

Purification of 5-amino-4-imidazolecarboxamide ribonucleotide 
transformylase was carried out according to the method of Flaks 
et al. (11) through the first alumina Cy step. Enzyme prepara- 
tions at this stage of purification exhibited a specificity for 
formyl donor while those from earlier stages did not. Prepara- 
tions of this enzyme which were reactive with only one form of 
the formylation cofactor could also be prepared by chromatog- 
raphy of the first ammonium sulfate fraction of Flaks et al. (11) 
on a hydroxylapatite column. 

In the experiments in which maleate buffer was used the 
enzyme solutions were dialyzed against 100 volumes of 0.02 m 
maleate buffer, pH 7.4, for 3 hours just before use. The trans- 
formylases, particularly 5-amino-4-imidazolecarboxamide ribonu- 
cleotide transformylase, were much less stable during storage 
in maleate buffer than in Tris? or phosphate solutions. 

Materials—The_ preparations of glycinamide ribonucleotide 
(9) and 5-amino-4-imidazolecarboxamide ribonuclotide (14) 
have been described previously. The maleate buffer was pre- 


2 The abbreviation used is: Tris, tris(hydroxymethy])amino- 
methane. 
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pared from maleic anhydride by adjustment to pH 7.4 with KOH. 
Solutions of N!°-formyltetrahydrofolic acid and N!°-anhydro- 
formyltetrahydrofolic acid were prepared isoleucovorin 
chloride? which was generously supplied by the Lederle Labora- 
tories, American Cyanamid Company. To insure that the 
formyltetrahydrofolic acid was all in the cyclic form, a solution 
of isoleucovorin chloride was prepared in 0.1 mM HCl and allowed 
to stand under nitrogen for 2 hours at 37° (Solution 1). To 
obtain N!°-formyltetrahydrofolic acid (Solution 2) a sample of 
Solution 1 was adjusted to pH 10 with NH,OH and kept ana- 
erobically for 15 minutes at 37°. As a check on this procedure, 
a sample of Solution 2 was readjusted to pH 1 with HCl and 
kept for 2 hours under nitrogen at 37°. This solution (Solution 
3) also contained N*®,N'°-anhydroformyltetrahydrofolic acid. 
The spectra of Solutions | and 3 were characteristic of N*,N1- 
anhydroformyltetrahydrofolic acid, each showing an absorption 
maximum at 358 my (13). In the spectrum of Solution 2 the 
absorption maximum at 358 my had disappeared but that at 
256 my expected for N'°-formyltetrahydrofolie acid was some- 
what obscured by an end-absorbing component. 
Methods—Incubation procedures and assays were carried out 
essentially as described by Warren et al. (9) and by Flaks et al. 
(11). The glyeinamide ribonucleotide transformylase reaction 
is most conveniently followed by measurement of the amount of 
tetrahydrofolie acid formed. Under the conditions of the assay, 


The term N°, acid has been 
used in this paper to refer to the imidazolinium form of formyl- 
tetrahydrofolic acid. Isoleucovorin, anhydroleucovorin A, an- 
hvdroleucovorin B, and 5,10-methenyltetrahydrofolie acid are 
names which have also been used in reference to this structure. 
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tetrahydrofolic acid is quantitatively degraded to p-amino- 
benzoylglutamie acid, an aromatic amine which can be diazotized 
and coupled with V-1-(naphthyl)-ethylenediamine by the method 
of Bratton and Marshall (15) to vield a colored compound. The 
assay for the 5-amino-4-imidazolecarboxamide ribonucleotide 
transformylase reaction involves measurement of the decrease in 
the amount of 5-amino-4-imidazolecarboxamide ribonucleotide. 
The imidazole amines may be distinguished from the aromatic 
carbocyclic amines (such as p-aminobenzoylglutamate) since the 
latter are acetylated in the presence of acetic anhydride, a 
procedure which prevents their reaction in the Bratton and 
Marshall test. 


RESULTS 


In the chemical interconversion of N'°-formyltetrahydrofolie 
acid and N5,N?!°anhydroformyltetrahydrofolic acid according 
to Reaction | the position of equilibrium is dependent upon pH. 
N?!formyltetrahydrofolic acid is the more abundant form in 
neutral and basic solution, while in acidic solution the imidazol- 
inium form predominates (13). It has been observed that the 
rate of interconversion of the two formyl derivatives non- 
enzymatically depends upon the nature of the buffering com- 
ponent even when the pH is constant. In Fig. 1 are plotted the 
rates of conversion at 27° of N5,N?-anhydroformyltetrahy- 
drofolic acid to N!°-formyltetrahydrofolic acid in 0.1 Mm phosphate, 
Tris-chloride, and maleate buffers at pH 7.4. The reaction was 
followed spectrophotometrically by measuring the disappearance 
of the absorption at 358 my characteristic of the cyclic derivative. 
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| | 


0.8 
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Absorbonce (358 my) 
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Fic. 1. Effect of buffer composition on the rate of nonenzy- 
matic conversion of N°, N!°-anhydroformyltetrahydrofolic acid to 
N?!°-formyltetrahydrofolic acid. The absorbance at 358 my is a 
measure of the concentration of N°, N?!°-anhydroformyltetrahy- 
drofolic acid present. Curve 1, phosphate buffer; Curve 2, Tris- 
chloride buffer; Curve 3, maleate buffer. 
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The times required for half of the reaction to take place as 
calculated from these curves were 2.3, 5.1, and 28.2 minutes, 
respectively, in phosphate, Tris-chloride, and maleate buffers. 
Maleate buffer was used in the enzymatic experiments to be 
described because of the low rate of transformation of the formy] 
compounds in this medium. 

In Figs. 2 and 3 are shown the results of incubating N- 
formyltetrahydrofolic acid (Curve 2) and N*,N'°-anhydroformy]- 


| 


4 
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| 
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Time, Minutes 


mu Moles of Tetrahydrofolic Acid Formed 
(Glycinamide Ribonucleotide Utilized ) 


5 


Fic. 2. Formyl donor for the enzymatic formylation of glycin- 
amide ribonucleotide. The basic system consisted of glycinamide 
ribonucleotide, 50 mumoles; KCN, 2 umoles; maleate buffer, pH 7.4, 
50 umoles; enzyme, 50 yg of protein; in a final volume of 0.55 ml. 
Additions, at a level of 50 mumoles, were N°, N!°-anhydroformy]- 
tetrahydrofolic acid (Curve 1), N'°-formyltetrahydrofolic acid 
(Curve 2), and N°, N!°-anhydroformyltetrahydrofolic acid formed 
by treatment of N!°-formyltetrahydrofolic acid with acid (Curve 
3). Vessels were incubated at 37° for the times noted. 
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Fig. 3. Formyl donor for the enzymatic formylation of 5-amino- 
4-imidazolecarboxamide ribonucleotide. The basic system con- 
sisted of 5-amino-4-imidazolecarboxamide ribonucleotide, 20 
myumoles; maleate buffer, pH 7.4, 50 umoles; enzyme, 200 ug. of pro- 
tein, in a final volume of 0.50 ml. Additions, at a level of 50 
mumoles, were N°, N!°-anhydroformyltetrahydrofolic acid (Curve 
1), N'°-formyltetrahydrofolic acid (Curve 2), and N°, N!°-anhydro- 
formyltetrahydrofolic acid formed by treatment of N!°-formyl- 
tetrahydrofolic acid with acid (Curve 3). AICAR is 5-amino-4- 
imidazole carboxamide ribonucleotide. 
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tetrahydrofolic acid (Curves 1 and 8) in the presence of the puri- 
fied transformylases and the appropriate components. These 
results clearly show that N*,N!°-anhydroformyltetrahydrofolic 
acid reacts with glycinamide ribonucleotide to form formy]- 
glycinamide ribonucleotide whereas N?!°-formyltetrahydrofolic 
acid is the formyl donor in the 5-amino-4-imidazolecarboxamide 
ribonucleotide transformylase reaction. 

The requirement for formyl donor in the glycinamide ribo- 
nucleotide transformylase reaction was studied in phosphate, 
Tris-chloride, and maleate buffers in the experiment reported 
in Table I. In the presence of the Tris and phosphate buffers 
there is an appreciable utilization of N!°-formyltetrahydrofolic 
acid which probably is due to the nonenzymatic conversion of 
this form to the enzymatically active imidazolinium derivative. 
It is also seen in Table I that the rate of transformylation from 
N*®,N?°-anhydroformyltetrahydrofolic acid is appreciably larger 
in the presence of phosphate and Tris buffers than in maleate 
buffer. 

The specificity for formyl] donor of 5-amino-4-imidazolecar- 
boxamide ribonucleotide at various stages of purification of the 


TABLE I 


Effect of buffer composition on glycinamide 
ribonucleotide transformylase reaction 
The vessels contained, in a final volume of 0.55 ml., glvcinamide 
ribonucleotide, 50 mumoles; KCN, 2 umoles; tetrahyvdrofolie acid 
derivative, 50 mumoles; buffer, pH 7.4, 50 wmoles; enzyme, 50 
ug. of protein. Vessels were incubated at 37° for the times noted. 


Tetrahydrofolic acid formed from formyl] donor 
\0-formyltetra- 
Buffer ‘hydsole ic acid hydrofolic acid 
15 min. 30 min. 15 min. 30 min. 
myumoles mumoles mumoles mymoles 
0 0 2.7 5.3 
Phosphate............. 2.5 3.7 12.1 15.5 
Tris-chloride.......... 2.1 | 3.1 12.4 18.1 
TaBLeE II 


Specificity for formyl donor at several stages of purification 
of 5-amino-4-imidazolecarboramide 
ribonucleotide transformylase 

Vessels contained, in a final volume of 0.50 ml., 5-amino-4- 
imidazolecarboxamide ribonucleotide, 20 mumoles; maleate buf- 
fer, pH 7.4, 50 wmoles, tetrahydrofolic acid derivative, 50 myg- 
moles; enzyme fraction, 0.1 ml. Vessels were incubated at 37° 
for 30 minutes. 


Disappearance of AICAR® in 
the presence of 


Purifica- 


Fraction : 
tion factor) N5, N°-anhydro- 

Itetrahy- 

hydrofolic acid drofolic acid 


myumoles mumoles 
I. Acetone powder extract. 

II. Ammonium sulfate. ..... 2 14.3 7.6 
Tit. Za-othamol.............. 7 13.9 8.8 
IV. Ammonium sulfate...... 10 14.0 12.8 

V. Alumina Cy supernatant. 38 15.1 0.0 


* ATICAR is 5-amino-4-imidazolecarboxamide ribonucleotide. 
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TABLE III 


Requirement for cyclohydrolase in coupling of transformylation 
reactions according to Reaction 5 


The vessels contained, in a final volume of 0.50 ml., gl vcinamide 
ribonucleotide, 100 mumoles; sodium inosinate, 2.5 umoles; V5, 
anhydroformyltetrahydrofolic acid, 5 mumoles; maleate buffer, 
pH 7.4, 50 uymoles; KCN, 2 wmoles; and, where indicated, glycin- 
amide ribonucleotide transformylase, 20 ug. of protein, and 5- 
amino-4-imidazolecarboxamide ribonucleotide transformylase, 
200 wg. of protein. Vessels were incubated for 30 minutes at 37°. 
For explanation of enzyme preparations see text and Table II. 


Enzymes present 
Vessel GAR* AICAR formed 
AICAR* transformylase transform- 
ylase 
mumoles 
1 + (Fraction V) + 0.0 
2 + (Fraction IV) + 6.7 
3 + (Fraction V) - 0.0 
4 + (Fraction IV) _ 0.0 
5 _ + 0.0 
* AICAR, 5-amino-4-imidazolecarboxamide ribonucleotide; 


GAR, glycinamide ribonucleotide. 


transformylase was tested. The results of these experiments, 
shown in Table II, demonstrate that both formyl] derivatives 
had approximately equal activities in this transformylation 
reaction in enzyme preparations carried through the first four 
steps of the procedure. The fact that N°, N!°-anhydroformy]- 
tetrahydrofolic acid is no longer reactive with the enzyme ob- 
tained after the alumina Cy step is taken to indicate that the 
evclohydrolase which ‘contaminated the preparation in earlier 
stages of purification has been removed in this step. 

The equilibria of the two transformylase reactions (Reaction 2 
and Reactions 3 and 4) are such that they can be coupled accord- 
ing to Reaction 5. 


Inosinic acid + glycinamide ribonucleotide + H,0 — 5-amino- 
4-imidazolecarboxamide ribonucleotide + 
formylglycinamide ribonucleotide (5) 


Warren et al. (10) have studied this latter reaction with catalytic 
amounts of tetrahydrofolic acid derivatives and the two trans- 
formylase enzymes which had been partially purified but which 
still contained cyclohydrolase. Since the experiments reported 
here show that one step of the composite process indicated in 
Reaction 5 must involve the conversion of N!°-formyltetrahy- 
drofolic acid to N5,N!°-anhvdroformyltetrahydrofolic acid, the 
coupled reaction should not proceed in the absence of cyclohy- 
drolase. This prediction was tested in the experiment reported 
in Table III. The two enzymes present in Vessel 1 were those 
used to obtain the data of Figs. 2 and 3, i.e. they were both free 
from cyclohydrolase. The composition of Vessel 2 was similar 
to that of Vessel 1 except that the 5-amino-4-imidazolecar- 
boxamide ribonucleotide transformylase used (Fraction IV) had 
not been carried through the step involving alumina Cy gel and 
was, therefore, able to interconvert the formyltetrahydrofolic 
acid derivatives. Only when the transformation of the two 
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formyl donors was possible did the coupled transformylation 
reaction proceed. Homocysteine, which stimulated the forma- 
tion of 5-amino-4-imidazolecarboxamide ribonucleotide in Reac- 
tion 5 when certain enzyme preparations were used (10), had no 
significant effect in these experiments. 


DISCUSSION 


The findings reported here, taken together with the earlier 
report of Silverman et al. (16) that N°-formyltetrahydrofolic 
acid may react enzymatically with glutamic acid to form N- 
formylglutamic acid, indicate that all three of the closely related 
formyl] derivatives of tetrahydrofolic acid may react directly in 
transformylation reactions. 

It is known from the work of Greenberg et al. (4, 5) and of 
Rabinowitz and Pricer (17) that formate may react enzymatically 
with tetrahydrofolic acid in the presence of ATP to yield N?°- 
formyltetrahydrofolic acid. Osborn and Huennekens (18) have 
shown that, when the 6-carbon of serine is converted to a formyl 
compound via a hydroxymethyl! derivative of tetrahydrofolic 
acid, the first product formed is N5,N!°-anhydroformyltetra- 
hydrofolic acid. The imidazolinium compound was also the 
initial formy] derivative produced in the catabolism of formimino- 
glycine (12, 19) and formiminoglutamic acid (12), compounds 
which are intermediates in the enzymatic degradation of purines 
and histidine, respectively. The biological origin of N *-formyl- 
tetrahydrofolic acid is not known although Peters and Greenberg 
(20) have studied the ATP-dependent conversion of this com- 
pound to a material related to N°, N'°-anhydroformyltetrahy- 
drofolic acid. A summary of the interconversions of the various 
compounds involved in the transformylation reactions discussed 
in this paper is given in Fig. 4. 

The fact that unique pathways exist for the synthesis and 
utilization of each of the formyl] derivatives of tetrahydrofolic 
acid suggests that a metabolic subdivision of the formate “1- 
carbon” pool may exist. For example, formate and compounds 
which may give rise to free formate may be preferentially utilized 
for position 2 of the purines while serine may contribute mainly 
to position 8. However, this differentiation of the metabolic 
origin of carbon atoms 2 and 8 of the purines in physiological 
systems could be measured only under unusual circumstances 
since the enzymatic and nonenzymatic interconversion of the 
various formylated forms of tetrahvdrofolic acid probably takes 
place with considerable rapidity in most systems. 


Purines Histidine 
Formiminoglycine Formiminogivtomic Acid Serine 
+ THFA + THFA + THFA 
| -methylene- THFA 
2H* TPN* 
NHS 
TPNH 
| N°, N°- onhydrotormy! - THFAL 
P,+ ADP 20 


| N° -formyi- THFA | | N°=formyi- THFA | 


+giutamote ADP +P, 
Formy! glutomote ATP 
+THFA Formote 
| + THFA 
Fic. 4. Summary of transformylation reactions. THFA, 5,6, - 


7,8-tetrahydrofolic acid. 
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SUMMARY 


The two steps whereby formate is transferred from formyl 
derivatives of tetrahydrofolic acid to precursors during the 
biosynthesis of inosinic acid have been studied with purified 
enzyme preparations. When 2-amino-N-ribosylacetamide 5/- 
phosphate (glycinamide ribonucleotide) transformylase and 5- 
amino-1-ribosyl-4-imidazolecarboxamide 5’-phosphate (5-amino- 
4-imidazolecarboxamide ribonucleotide) transformylase were 
freed from the enzyme, cyclohydrolase, specific requirements for 
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formyl donor in the transformylase reactions could be shown. 
acid specifically donated 
its formyl! group in the glycinamide ribonucleotide transformylase 
reaction while N°-formyltetrahydrofolic acid was the immediate 
donor in the 5-amino-4-imidazolecarboxamide ribonucleotide 
transformylase reaction. 


Acknowledgment—The authors wish to thank Mrs. Marilyn §, 
Smith for valuable assistance. 
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N-Methyl-4-pyridone-5-carboxamide, a New Major Normal 
Metabolite of Nicotinic Acid in Rat Urine* 
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In order to distinguish the ‘“‘normal’’ metabolites from the 
elimination or detoxification products or both after an excess 
intuke of nicotinic acid, a long term study with C'-carboxyl- 
labeled nicotinic acid was conducted. It was found that the 
unknown metabolite which follows N-methyl-2-pyridone-5-car- 
boxamide on paper chromatograms was a major ‘‘normal’’ me- 
tabolite. This unknown metabolite which has been reported by 
Liefer et al. (1) and by Lin and Johnson (2) has been isolated and 
a structure proposed. 


EXPERIMENTAL 


A young Sprague-Dawley strain male rat (171 gm. body 
weight) was given an intraperitoneal injection with 1.0 mg. of 
nicotinic acid of specific activity 37 wc. per mg. The rat was 
kept in an all glass metabolism cage, and food and water were 
provided ad libitum. The rat was moved to a clean cage after 
each daily urine collection. The cage was rinsed with 2 to 3 
mi. of distilled water and the washings were combined with the 
urine collection. The total volume was measured and 100 yl. 
aliquots of urine were plated and counted in the Q gas counter to 
obtain the daily excretion of radioactivity. A large amount of 
radioactivity was excreted in the first 24 hours, but the radio- 
activity of the urine did not drop to zero until the 54th day after 
injection. The daily excretion data are shown in Fig. 1. 


13,400 


232-2228 22% 2 > 
10 20 “ 
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Fig. 1. Daily excretion of radioactivity in urine of rat given 
C'*-nieotinie acid. 


* Presented before the Fourth International Congress of Bio- 
chemistry, University of Vienna, September 1-6, 1958. Supported 
in part by a grant-in-aid from the United States Atomic Energy 
Commission under Contract No. AT(11-1)-67, Animal Science 
Project 2. 


The methods of separation and identification of the urinary 
metabolites were the same as those reported in the previous 
publication (3). 


RESULTS 


Radioautograms of paper chromatograms of urine are shown 
in Fig. 2. While six bands appeared from the urines of the first 
3 days, only 4 bands are found after that, ve. bands 1, 4, 5, and 
6. The compounds corresponding to the bands have previously 
been identified as (1) N-methylnicotinamide, (2) nicotinurie acid, 
(3) nicotinic acid, (4) unidentified compound, (5) N-methyl-2- 
pyridone-5-carboxamide and (6) nicotinamide (3). 

Judging visually from the intensity of the bands on the radio- 
autograms and on the basis of the relative radioactivities of the 
spots on the paper chromatograms as determined with the Q gas 
counter (Table I), the radioactivity of the unknown metabolite 
increased while that of the other metabolites decreased as time 
elapsed. Thus, this new metabolite appeared as the major 
“normal” metabolite, amounting to 94.4 per cent of the daily 
C™ excretion 15 days after administration of the C"™-nicotinice 
acid, 

Isolation of Unknown Metabolite.—Sixty-five young rats of 
about 150 gm. body weight each received three intraperitoneal 
injections of 5 mg. of nonlabeled nicotinic acid in 2.5 ml. of 0.85 
per cent sodium chloride solution at 3-day intervals. Urine was 
collected for 24 hours after each injection. All urine collections 
were pooled together and evaporated to dryness under reduced 
pressure on a 60° water bath. The dry material was extracted 
three times with 100 ml. of hot acetone, the extracts combined, 
and the solvent evaporated under reduced pressure. The residue 
was dissolved in water and passed through an IRA 400 (OH-) 
column. The column was washed with water until the eluate 
showed no ultraviolet absorption at 256 mu. The filtrate and 
washings were combined and adjusted to pH 6.75 by the drop- 
wise addition of glacial acetic acid. A high pH will hydrolyze 
2-PY!' and the unknown metabolite to the corresponding car- 
boxylie acids. At this stage, radioactive unknown metabolite 
from a previous rat was added to the solution, which was then 
passed through an acid-washed Nuchar column, prepared as 
follows. A 1 em. diameter chromatographic tube with a fritted 
dise was charged with acid-washed Nuchar C-190 N to a height 
of 10 em. The sample in about 100 ml. of water was pipetted 
into the column and pressure was applied to adjust the flow rate 
to 1 drop/2 seconds. The column was then washed with 25 ml. 


1The abbreviations used are: 2-PY, N-methyl-2-pyridone-5- 
carboxamide; 4-PY, N-methyl-4-pyridone-5-carboxamide. 
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Fic. 2. Paper chromatographic radioautograms of rat urine after giving C!!-nicotinie acid. D represents the collection day. The 
compounds of radioactive bands have been identified as 1, N-methylnicotinamide; 2, nicotinuric acid; 3, nicotinic acid; 4, V-methyvl-4- 
pyrid«ne-5-carboxamide; 5, 6, nicotinamide. 


~. 
> 
= 
bg 
= 
‘ 


— 
a) 


Corresponding to position of 


M.L. W. Chang and B. C. Johnson 
I 


(nicotinic acid determined by Q gas counter 
Day 


Daily relative radioactivities of chromatograms of urine from rat given 
Radioactivities* 


Ji ily 1959 
Band No. 


13 


= 4 — 


. 


4 


irboxamide 


5-carboxamide 


; 


- 
Bo 


‘ 


pyridone 


> 


-2 


KBr, B, in comparison with that of V-meth- 


yl 


rey 


in 


otinie acid 


methyl nicotinamide 


NV-methyl-4-pvridone-5 


N-meth 


Nicotinurie acid 


Nie 


Nicotinamide 


N 


124 


hloroform, A, and 


ine 


S7.2 


9.2 


76.6 


lone-5-carboxamide 


yvric 


70.5 


1.0 


2.5 


1.5 


* Values given as per cent. 


3. Infrared spectra of N-methyl-4-p 


Fic 
yl-2-pyridone-5-carboxamide in KBr, C. 


he 


2 3 4 5 6 7 10 
1O.4 17.5 13.2 11.7 6.¢ 5.4 2.5 3 - 
2 33.6 4.5 | 
3 13.0 | =| = 
—4 ) ‘ - ~ 
5 4.1 10.5/ 12.2 14.7 11.0 10.0 5.2. 17.0; 2.6 
6 0.04 3.8 0.2 0.3 3.1 4.2 2.3 
A. 
8. 
& 


1820 


of distilled water, and the filtrate and washings were discarded. 
All the radioactivity was eluted from the column with 10 per cent 
pyridine. The pyridine eluate was evaporated to dryness under 
reduced pressure on a 45° water bath, the residue was washed 
with ether, and the ether washing was discarded. The residue 
was dissolved in H,O and passed through a Dowex 50(H*) col- 
umn (in a manner similar to the Nuchar column). 2-PY was not 
absorbed and the column was washed with 25 ml. of distilled 
water. The column was then eluted with 1 ~ HCl until the 
eluate no longer absorbed at 240 my. This eluate was again 
passed through an IRA 400 (OH~-) column to eliminate Cl-. 
The volume of effluent was reduced as before and the compound 
purified by paper chromatography. The material separated on 
the paper chromatogram was extracted with hot acetone. As 
soon as the solution cools to room temperature, the impurities 
appear as an amorphous fluffy material. The solution was im- 
mediately centrifuged and separated and placed in the refrigera- 
tor over night. White needle-shaped crystals usually appeared 
within | hour. Crystallization was repeated three times to give 
a constant m.p. of 181—182°. 


IDENTIFICATION AND DISCUSSION 


This new nicotinic acid and amide (2) metabolite has been 
tentatively identified as N-methyl-4-pyridone-5-carboxamide. 
It appears as white needles and shows no fluorescence. It is 
quite stable to neutral and slightly acid conditions. It is very 
soluble in water and alcohol, somewhat soluble in chloroform and 
acetone, and insoluble in ether. The infrared absorption spectra 
(Fig. 3A and B) showed a medium absorption band at 1337 ¢m.~! 
which indicated the presence of the =N—CH,; functional group. 
A strong absorption band at 1665 cm.~' indicated the presence 

O 


| 
| 


of an a,B-conjugated ketone or functional groups 
or both. The infrared spectrum of 2-PY (Fig. 3C) shows that 
this compound has a similar spectrum corresponding to the same 
functional groups. When an aqueous solution of a mixture of 
compounds 2-PY and 4-PY was put on a Dowex 50 (H*) column, 
only 2-PY passed through; 4-PY was retained in the column and 

ras readily eluted by I N HCl. Paper electrophoresis in pH 
2.6, 6.5, and 11 buffers showed 4-PY to be a neutral compound 


TaBLe II 
Electrophoretic mobility of nicotinyl compounds in pH 
2.6,6.5, and 11* at room temperature 


Mobility = 1 X 10% cm. hr. volt 


Compounds | pH 6.5 | pH 11 


An- ‘Cath- An- Cath. An- Cath- 
ode ode ode ode ode ode 


lo | 


0 
1,474.57, 3.0 | 
N-methyl-4-pvridone-5-carboxamide. 0 | oOo | 0 
0 oO | 0 


5 73 0 


* pH 2.6, 0.25 N acetic acid; pH 6.5, 0.01 M phosphate buffer; 
pH 11, 3 per cent ammonium solution. 
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Fic. 4. Ultraviolet absorption curves of V-methyl-4-pvridone- 
5-carboxamide and N-methyl-2-pyridone-5-carboxamide in H.O 
and in 1 N HC! solution. 
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Fic. 5. Ultraviolet absorption curves of N-methyl-4-pyridone 
in H:O and in 1 N HC! solution. 


III 
Comparison of N-methyl-4-pyridone-6-carbozramide with 
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pyridone-5- pyridone-5- pyridone-5- 
carboxamide | carboxamide carboxamide 


| 220-223° 
258 330 
bright blue 


Melting point... .. 
Ultraviolet fluorescence... no no 


Vol. 234, No. 7 


| 
H20 SOLUTION. 
( 
WS 
t 
f 
W 
| 


July 1959 


(with caffeine as neutral prototype). Relative mobilities are 
given in Table II. Its ultraviolet absorption spectrum in aque- 
ous solution is very similar to that of 2-PY (Fig. 4). The ab- 
sorption maximum of 4-PY in water is at 256 my whereas that 
of 2-PY is at 258 mu. However, 4-PY has its second peak at 
approximately 285 my, whereas that of 2-PY is near 295 mu. 
Furthermore, the absorption peak of 4-PY shifts to 240 my and 
its extinction coefficient is less when measured in 1 nN HCl, 
whereas that of 2-PY remains at 258 my (Fig. 4). The analogous 
compound, .V-methyl-4-pyridone, shows a similar hypsochromic 
shift on going from water to | N HCI (Fig. 5). 

Alkaline hydrolysis of 4-PY with 1 N NaOH produced NHs3, 
whereas treatment with hypobromite and diazotization and 
coupling with dihydrochloride 
yielded a cherry color. These indicated the presence of a car- 
boxamide group. Cyanogen bromide and p-aminobenzoic acid 
tests for tertiary nicotinyl compounds (excluding its pyridone 
forms) (5) were negative. So were KCN streak (6) or 1:1 
methylethyl ketone and ammonia tests (5) for quarternary 
nicotinyl compounds. It showed no reaction with phenylhy- 
drazine. Its Rr value was 0.37 in n-butanol-acetone-water 
(45:5:50) and 0.51 in 80 per cent aqueous propanol, whereas the 
Rp values of 2-PY were 0.42 and 0.56, respectively. The ex- 
change in the Dowex 50(H*) column and the shift of absorption 
peak in 1 N HCl indicate the existence of a dipolar structure which 
in turn could explain its lack of color and also its failure to react 
with phenylhydrazine (7). From the consideration of electronic 
structure, the presence of a keto group on the meta- or 3-position 
may be ruled out (8). 

Some of the properties of 4-PY are compared with those of 
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and N-methyl-6-pyridone- 
5-carboxamide (9) in Table ITT. 


Microelemental Analysis— 


Calculated: C 52.17, H 5.63, N 17.38, 
N—CH; calculated as CH; 8.81 
Found: ( 52.27, H 5.73, N 17.24, CH; 8.01 


(2 separate samples) C 52.52, H 5.37, N 17.24 


The site of enzymatic hydrogen transfer is at position 4 of the 
pyridine ring (8, 10) and this may be related to the formation 
of the metabolite oxidized at the 4-position. C-labeled N- 
methylnicotinamide, 2-PY, and nicotinurie acid prepared by 
isolation and purification from rat urine were tested as pre- 
cursors of 4-PY by administration to rats, however, nicotinurie 
acid and 2-PY were not further metabolized but were excreted 
unchanged; V-methylnicotinamide, although most excreted un- 
changed, was also partially oxidized to 2-PY. The longterm 
excretion data after a single administration of labeled nicotinic 
acid would imply that the pyridine nucleotides are the precursors 
of 4-PY. More direct evidence of this is being sought. 


SUMMARY 


N-methyl-4-pyridone-5-carboxamide is proposed as a new 
major normal metabolite in rat urine along with V-methylnico- 
tinamide, .V-methyl-2-pyridone-5-carboxamide, and _nicotina- 
mide. The compound was found during a long term study with 
C'-carboxyl-labeled nicotinic acid. The isolation and charac- 
terization of the new metabolite have been deseribed. 
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The synthesis of all of the unsymmetrical pyrophosphate nu- 
cleotides which have been investigated is carried out by means 
of reaction between a nucleoside triphosphate and a phosphoryl- 
ated compound. 


Nucleoside triphosphate + X-phosphate 
nucleoside pyrophosphate-X + inorganic pyrophosphate 


This mechanism, termed pyrophosphorolysis, was first observed 
by Kornberg (1, 2) who investigated the pyrophosphorolytic 
cleavage of diphosphopyridine nucleotide, and the reverse reac- 
tion between adenosine triphosphate and nicotinamide ribo- 
nucleotide resulting in diphosphopyridine nucleotide synthesis. 
Since that time, enzymes which catalyze the synthesis of flavin 
adenine dinucleotide (3), dephosphocoenzyme A (4), uridine di- 
phosphoglucose (5, 6), uridine diphosphogalactose (7), cytidine 
diphosphocholine (8), and guanosine diphosphomannose (9) by a 
similar mechanism have been investigated. In addition the py- 
rophorolysis by crude tissue preparations of other compounds of 
this type has been observed, vz. cytidine diphosphoethanolamine 
(10), uridine diphosphoacetylglucosamine (11), uridine diphos- 
phoxylose (12), uridine diphosphoarabinose (12), uridine diphos- 
phoglucuronic acid (13), uridine diphosphogalacturonic acid (13), 
cytidine diphosphoribitol (14), and cytidine diphosphoglycerol 
(14). 

The present paper reports the purification and properties of 
enzymes from calf liver and from Staphylococcus aureus, which 
carry out a pyrophosphorolytic cleavage of UDP-GNAc? or the 
synthesis of UDP-GNAc from GNAc-1-P and UTP. 


UDP-GNAc + PP s GNAc-1-P + UTP 


* Supported by Grant A-1158 (C) from the National Institute 
of Arthritis and Metabolic Diseases, United States Public Health 
Service. 

1 The pyrophosphorolysis of nucleotides by crude tissue prepa- 
rations can be the sum of several reactions in which a catalytic 
impurity of another substrate participates, e.g. 


UTP + glucose 1-phosphate = UDP-glucose + PP 


UDP-glucose + galactose 1-phosphate = 
UDP-galactose + glucose 1-phosphate 


of which the sum is the reaction catalyzed by a UDP-galactose 
pyrophosphorylase. 


UTP + galactose 1-phosphate = UDP-galactose + PP 


To establish the existence of a new pyrophosphorylase it is, there- 
fore, usually necessary to obtain a reasonable purification of the 
enzyme. 

2 The abbreviations used are: UDP-GNAc, uridine diphospho- 
acetylglucosamine; UDP-GalNAc, uridine’ diphosphoacetyl- 
galactosamine; GNAc-1-P, acetylglucosamine 1-phosphate; GNAc, 
acetylglucosamine; Tris, tris(hydroxymethyl)aminomethane; 
PP, inorganic pyrophosphate. 


A pyrophosphate dependent formation of UTP from UDP. 
GNaAc in liver nuclei was first observed by Smith and Mills (11) 
who did not investigate the reaction further. Several other in- 
vestigators have also detected a reaction in both liver and yeast 
extracts, presumed to be the reaction catalyzed by a UDP-GNAc 
pyrophosphorylase (15, 16). 
EXPERIMENTAL 
Material 
UDP-GNAc and UTP were obtained from the Sigma Chemical 
Company. Synthetic a-p-acetylglucosamine 1-phosphate (17) 
was generously given by Dr. Luis Leloir. Prostatic phospho- 
monoesterase was prepared (18) from pooled human seminal fluid 
obtained from the Sterility Clinic of Washington University. 
The remainder of the reagents were analytical grade commercial 
chemicals. The microorganism was isolated by one of us and is 
designated S. aureus (Copenhagen). 


Methods 


Enzyme Assay—GN Ac-1-P formed from UDP-GNAc and PP 
was hydrolyzed to acetylglucosamine by prostatic phosphomono- 
esterase. Free acetylglucosamine was then measured colori- 
metrically (19). The assay system consisted of 20 wl. of 0.1 m 
Tris buffer, pH 7.4, containing 0.005 m MgCl; 5 wl. of 0.2 u 
pyrophosphate (adjusted to pH about 7); an amount of prostatic 
phosphomonoesterase sufficient to hydrolyze 10 myumoles of 
GNaAc-1-P per minute under the conditions of assay; 15 yl. of 
0.007 m UDP-GNAc; enzyme; and water to 100 wl. After 15 
minutes of incubation at 37°, 27 wl. of reagent containing 5 per 
cent K2B,0;, 0.05 n NaOH, and, as an indicator, 0.008 per cent 
phenolphthalein were added. NaOH was included in the borate 
reagent to shift the pH to about 9. The tubes were placed in a 
boiling water bath for 7 minutes and, after cooling, 400 ul. of 
glacial acetic acid and 50 ul. of 16 per cent p-dimethylamino- 
benzaldehyde in 95 per cent acetic acid-5 per cent concentrated 
HCl were added. Color was developed during 5 minutes of in- 
cubation at 58-60°, and was read at 585 mu. A blank obtained 
from an incubation from which PP was omitted was subtracted. 
An internal standard, in which about 0.036 umole of GNAc was 
substituted for UDP-GNAc, was provided for several tubes in 
each set of assays. 

Preliminary investigation showed that GNAc-1-P was hydro- 
lyzed by prostatic “acid p-nitrophenylphosphatase” at a pH opti- 
mum of 7.2 (Fig. 1). For this reason, it was possible to carry 
out the hydrolysis of GNAc-1-P directly in the enzyme incubation 
mixture. Variation in the ability of different preparations with 


’This amount of phosphatase usually hydrolyzed about 5 
umoles of p-nitrophenylphosphate per minute at pH 5. 
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pH 


Fic. 1. pH optima forenzymes. The optimal pH for the UDP- 
GNAc pyrophosphorylase was determined in a two-step assay. 
Substrates were incubated with pyrophosphorylase in the first 
step, and the reaction was stopped with heat. The pH was then 
adjusted to 7 to 7.5 and a second incubation with phosphatase was 
earried out before the colorimetric estimation of acetylglucos- 
amine. 


the same p-nitrophenylphosphatase units to cleave GNAc-1-P; 
as well as evidence for two pH optima (Fig. 1), has suggested 
that the primary enzyme cleaving GNAc-1-P may not be identi- 
cal with acid p-nitrophenylphosphatase. However, this point 
has not been further investigated. Enzyme activity was ex- 
pressed as mumoles of GNAc-1-P (converted to GNAc by the 
prostatic phosphatase) liberated per minute under the conditions 
of assay. GNAc formed was calculated with reference to the 
internal standard. The response was linear with respect to the 
concentration of UDP-GNAc pyrophosphorylase over the range 
of 4 to 40 mumoles of GNAc formed per assay (7.e. to an absorb- 
ancy of at least 1.200). Protein was determined by the method 
of Lowry et al (20). 
RESULTS 

Purification of UDP-GN Ac Pyrophosphorylase from Calf Liver 
Acetone Powder—Twenty-fold purification of enzyme from a 
water extract of calf liver acetone powder (Table I) was accom- 
plished by the following procedure. All operations were carried 
out at about 5°. Unless otherwise indicated, all centrifugations 
were at about 24,000 x g for 10 minutes. 

Step 1. Preparation of Extract—Water, 200 ml., was added to 
10 gm. of acetone powder (prepared according to Horecker (21)). 
The mixture was triturated gently in a mortar and pestle for 15 
minutes, and then centrifuged. The sediment was discarded. 

Step 2. Acetone Fractionation—To 130 ml. of the extract, 78 
ml. of acetone were added (0 to 37 per cent) at —10°. The sedi- 
ment obtained after centrifuging was discarded. To the super- 
natant an additional 117 ml. of acetone were added (37 to 60 per 
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cent). The precipitate was dissolved in 30 ml. of 0.1 m Tris, pH 
7.2, with 0.005 m MgCl. 

Step 3. First Alcohol Fractionation—To the 30 ml. of enzyme 
from Step 2, 9 ml. of absolute ethanol were added at —10° (0 to 
23 percent). After centrifugation 17.1 ml. of ethanol were added 
to the supernatant (23 to 47 per cent). The precipitate was 
dissolved in 6 ml. of 0.1 m acetate buffer, pH 5.3. 

Step 4. Second Alcohol Fractionation. To the 6 ml. of en- 
zyme from Step 3, 1.2 ml. of ethanol were added (0 to 10 per 
cent) at —10°. After 10 minutes the sample was centrifuged 
and the precipitate was dissolved in 6 ml. of 0.1 m Tris, pH 7.2, 
with 0.005 m MgCl. 

Step 5. Adsorption and Elution from Calcium Phosphate Gel— 
To 2.5 ml. of enzyme from Step 4, 7.5 ml. of calcium phosphate 
gel (18 mg. per ml.) and 2.5 ml. of water were added. The small- 
est amount of gel necessary to adsorb 90 to 95 per cent of the 
activity was established for each preparation in small scale trial. 
After 10 minutes the sample was centrifuged at about 2,500 x g. 
The gel was washed once with 2.5 ml. of water and then sus- 
pended in 37.5 ml. of 0.001 m sodium pyrophosphate buffer, pH 
6.0. After stirring 15 minutes, the gel was centrifuged and the 
sediment discarded. The volume of the eluate was reduced to 
7 ml. by lyophilization. 

Purification of UDP-GN Ac Pyrophosphorylase from Staphylo- 
coccus aureus—A purification of about 20-fold was also obtained 
from an extract of S. aureus (Table 11). However, the bacterial 


TABLE I 


Purification of UDP-GN Ac pyrophosphorylase 
from calf liver acetone powder 


Step No. Volume | Units, * | Protein | Shecific, 
me. 
1 extract 130 52.7 3520 15 
2 Acetone 30 45.2 490 93 
3 Aleohol I 19.3 152 127 
4 Alcohol II 6 14.9 77 192 
5 Caleium phos- 37 5.4f 16.3 330 
phate gel eluate 


* Mumoles GN Ac-1-P formed per minute. 

+ Mumoles GNAc-1-P formed per minute per mg. of protein. 

t Only 2.5 ml. (6000 units) of enzyme from Step 4 were used for 
Step 5. 


TaBLe II 


Purification of UDP-GN Ae pyrophosphorylase 
from Staphylococcus aureus 


Step No. | Volume nan * | Protein ones 
ml mg. 
l Extract 25 20.0 157 127 
2 Streptomycin  su- 29 21.1 145 146 
pernatant 
3 Ammonium sulfate 6 16.0 34 470 
4 Caleium phos- 29 12.6 11 1150 
phate gel eluate 
5 Acid ammonium 3 7.9 3.3 2390 
sulfate 


* Mumoles GNAc formed per minute. 
t Mumoles GN Ac formed per minute per mg. of protein. 


| 

P. 

11) 

in- 

st 

Ac 

al 

‘) 
10- 
lid 

y. 

ial 

ri- 

M 

M 

ic 

of 

of | | 

r 

t 

te 

a 

of 

n 

i- 

y 

n 

h 


1824 


extract had a specific activity about 9 times that of the calf liver 
acetone powder extract, and the final product had a correspond- 
ingly greater specific activity. 

Step 1. Preparation of Extract—Water, 25 ml., was added to 
the cell paste from a 1 1. culture harvested at about three-quar- 
ters of maximal growth (about 3.5 gm. wet cell paste). The 
suspension was treated for 20 minutes in a 10 ke. Raytheon sonic 
oscillator cooled with ice water. The suspension was then cen- 
trifuged. 

Step 2. Streptomycin Precipitation—To 25 ml. of extract, 5 
ml. of 5 per cent streptomycin sulfate were added. After 5 min- 
utes, the sample was centrifuged. A large precipitate, which 
was discarded, was always obtained in this step with no loss of 
activity, and a clearer, less viscous, solution resulted. Although 
frequently 1.5- to 2-fold purification resulted, occasionally no 
purification was observed. 

Step 3. Ammonium Sulfate Fractionation—To 29 ml. of strep- 
tomycin supernatant 10.4 gm. of ammonium sulfate were added. 
The precipitate obtained by centrifugation was discarded. Am- 
monium sulfate, 7.4 gm., was added to the supernatant. After 
10 minutes the precipitate.was collected by centrifugation at 
144,000 x g in the Spinco preparative ultracentrifuge for 1 hour 
and was then dissolved in about 6 ml. of 0.005 m Tris buffer, pH 
7.4. This solution was immediately dialyzed against 2 1. of the 
same buffer for 2 hours. 

Step 4. Adsorption and Elution from Calcium Phosphate Gel— 
To 6 ml. of enzyme from Step 3, 6 ml. of calcium phosphate gel 
(18 mg. per ml.) were added. The amount of gel required was 
determined as for the liver enzyme. After 10 minutes the sam- 
ples were centrifuged at about 2,500 K g. The gel was collected, 
washed once with 6 ml. of water, and then suspended in 30 ml. 
of 0.001 m sodium pyrophosphate buffer, pH 6.0. After 15 min- 
utes with stirring, the gel was removed by centrifugation and 
discarded. 

Step 5. Acid Ammonium Sulfate—To concentrate the en- 
zyme for this step, 29 ml. of gel eluate from Step 4 were lvophil- 
ized and redissolved in 5 ml. of water (yield about 90 per cent of 
initial activity). To this 5 ml., 1.56 gm. of ammonium sulfate 
were added (50 per cent saturation). The pH was brought to 
4.6 by adding | N acetic acid during constant stirring with a 
magnetic stirrer. After 10 minutes, the sample was centrifuged 
and the precipitate discarded. Ammonium sulfate, 1.27 gm., 
was added to the supernatant solution (50 to 80 per cent fraction) 
and, after 10 minutes, the sample was centrifuged for 1 hour in 
the Spinco preparative ultracentrifuge at 144,000 x g. The 
precipitate was dissolved in 3 ml. of water and immediately dia- 
lyzed as in Step 3. 


Properties of Purified Enzymes 


All of the experiments relating to the properties of the enzyme 
were carried out with a preparation purified 20-fold from S. 
aureus. Many of them were repeated with the purified calf liver 
enzyme. 

Identification of Products of Pyrophosphorolysis—UTP: An in- 
cubation mixture was chromatographed in neutral ethanol-am- 
monium acetate (22), and a compound, detected under ultravio- 
let light and located exactly at the position expected for UTP, 
was eluted from the paper. After hydrolysis in 1 nN HCl for 15 
minutes, 2.1 residues of inorganic phosphate were released per 
residue of uridine. GNAc-1-P: After incubation of UDP-GNAc 
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and PP with enzyme, a compound was formed which gave the 
color test for acetylglucosamine only after incubation with pros- 
tatic phosphomonoesterase.4 Further evidence that UTP and 
GN<Ac-1-P are the products of pyrophosphorolysis was obtained 
by demonstration that the reaction is reversible and that UDP- 
GNAc may be formed from these products. 

Reversibility of Reaction—UTP (0.4 umole) was incubated with 
0.2 umole of synthetic GNAc-1-P and 4.6 units of enzyme for 30 
minutes at 38°. As control, incubation was carried out without 
GNaAc-1-P. The incubation mixture was then chromatographed 
in neutral ethanol-ammonium acetate. In the samples from the 
tubes with GNAc-1-P, but not in the samples from the control 
tubes, « compound with the mobility of UDP-GNAe appeared. 


When this compound was eluted and then reincubated with en- . 


zyme and pyrophosphate, it yielded UTP and a compound which 
gave the color test for acetylamino sugars after treatment with 
prostatic phosphatase. 

UDP did not substitute for UTP in the reverse reaction, and 
similarly inorganic phosphate would not replace PP in the for- 
ward direction. 

Equilibrium—The equilibrium constant measured in the di- 
rection of pyrophosphorolysis was near 0.5, although the deter- 
mination by our method was not very accurate. 

Specificitty—PP, 1.4 pmoles, and 0.2 umole of either UDP- 
GNAc, UDP-GalNAe (24), UDP-glucose, UDP-acetylglucosa- 
mine phosphate (25), UDP-acetylgalactosamine sulfate (25), or 
guanosine diphosphomannose (25) were incubated with 9 units 
of the purified liver or the purified bacterial enzyme for 30 min- 
utes at 38°. PP was omitted from controls. The incubation 
mixtures were chromatographed in neutral ethanol-ammonium 
acetate. All of the UDP-GNAc disappeared and UTP appeared 
during the incubation. With the staphylococcal enzyme, none 
of the other nucleotide substrates was effected by the incubation; 
it was estimated that 10 per cent contamination with pyrophos- 
phorylases for the other nucleotides would certainly have been 
detected. However, with the colorimetric assay and a long in- 
cubation, an apparent pyrophosphorolysis of UDP-GalNAe was 
observed at a rate of about 2.8 per cent of the rate of pyrophos- 
phorolysis of UDP-GNAec. Since about one-third of the UDP- 
GalN Ac was consumed in this incubation, this result could not 
have been due to contamination of UDP-GalNAec with UDP- 
GNAc. The ratio of the rate of pyrophosphorolysis of UDP- 
GalN Ac to that of UDP-GNAc was unchanged by purification 
(Table III). 

With the purified liver enzyme, the rate of UDP-glucose pyro- 
phosphorolysis was about 30 per cent of the rate of UDP-GNAe 
pyrophosphorolysis. This was estimated by eluting the UTP 
spots from chromatograms of incubations containing | umole of 
UDP-GN Ac or UDP-glucose in which the pyrophosphorolysis of 
UDP-GNaAc was not allowed to go to completion. UTP, 0.62 
umole, was eluted from the UDP-GNAc incubation and 0.19 
umole from the UDP-glucose incubation. None of the other 
nucleotide substrates was detectably utilized. 

The purified enzymes were free from nucleotide pyrophos- 
phatase for UDP-GNAe and of phosphatase for GNAc-1-P. 
Both enzymes contained a small amount of UTPase activity so 
that in long incubations both UDP and UTP were found as re- 
action products of pyrophosphorolysis. 

*1- and 4-substituted acetylglucosamines are not chromogenic. 


Substitution in other positions does not affect the color reaction 
(23). 
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III 
Pyrophosphorylysis of UDP-GN Ac and of UDP-GalN Ac by 
various fractions of UDP-GNAc pyrophosphorylase 
from S. aureus 

Assays were carried out as described in the text with either 
UDP-GNAe or UDP-GalNAe (24) as substrate. To obtain a re- 
liable measure of rate, the incubations with UDP-GalNAc were 
carried out for 60 minutes with 10 times the amount of enzyme 
ysed in the incubations with UDP-GNAc. 


| Substrate 
Fraction | re Ratiot 
UDP- 
| UDP-GNAc GalN Ac 
Preparation 1 | 
Step Ll. extract 2.9 
Step 5. acid ammonium | 1390) | 39.5 2.85 
sulfate fraction | | 
| | 
Preparation 2 | | 
Step 1. extract | 2.5 
Step 4. gel eluate 280 | 7.8 | 2.8 


*Mymoles acetylamino sugar liberated per minute per ml. of 


enzyme. 
+ Rate with UDP-GalN Ac/rate with UDP-GNAe X 100. 
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Fig. 2. Velocity-UDP-GNAe concentration relationship for 
staphylococcal UDP-GNAe pyrophosphorylase. Michaelis con- 
stant was calculated according to Eadie (26). 


Other Kinetics—Each enzyme has a pH optimum at 7.2 (Fig. 
1). Substrate concentration-velocity relationships for UDP- 
GN Ac and PP are shown in Figs. 2, 3,4, and 5. Neither enzyme 
was inhibited by penicillin (1 mg. per ml.) or by gentian violet 
(0.5 mg. per ml.). 

Requirements for Divalent Cation—This was observed with the 
purified enzymes. With the staphylococcal enzyme, the K,, for 


Mg** was about 0.4 x 10-3 mM. For both enzymes, the optimal 
Mg*+ concentration was 0.001 to 0.003 Mm; inhibition was observed 
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at higher concentrations. With Mg** as activating cation, the 
staphylococcal enzyme was inhibited by 0.01 m fluoride, but no 
inhibition by fluoride was observed when Mn** was the acti- 
vating cation. 

Stability—Stability problems with both enzymes were en- 
countered. With the liver enzyme losses of greater than 60 per 
cent were encountered during fractionation with ammonium sul- 
fate at several pH’s, and the activity could not be recovered by 
dialysis against PP or other buffers, or by recombination of frac- 
tions. The bacterial enzyme was more stable to ammonium sul- 
fate, but was excessively labile to fractionation with organic 
solvents. 
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Fig. 3. Velocity-UDP-GNAc concentration relationship for 
calf liver UDP-GNAe pyrophosphorylase. 
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Fic. 4. Velocity-PP concentration relationship for staphylo- 
coccal UDP-GNAce pyrophosphorylase. Note the marked inhibi- 
tion of the reaction at PP concentrations greater than 10 mmoles 
perl. It has not been determined whether or not this might be 
due to a competition for Mg**. 
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Fic. 5. Velocity-PP concentration relationship for calf liver 


UDP-GNAc pyrophosphorylase. This enzyme was slightly in- 
hibited at PP concentrations greater than 10 mmoles per]. Since 
the GNAc-1-P phosphatase was also slightly inhibited at high PP 
concentrations, a large excess of phosphatase was used in these 
determinations as well as those in Fig. 4. 


No problems were encountered with storage of the bacterial 
enzyme. With the crude extract the activity was 90 per cent of 
original activity after 2 months at —20°, and the purified enzyme 
was similarly stable. The crude liver enzyme was less stable and 
lost 5 to 10 per cent of its activity per day at —20°. The puri- 
fied liver enzyme lost only about 10 per cent in a week at —20°, 
and enzyme at Step 2 (acetone fraction) was stored as a precipi- 
tate for 3 months without appreciable loss of activity. 


DISCUSSION 


These experiments establish the presence of an enzyme in calf 
liver and S. aureus which catalyzes a pyrophosphorolysis of 
UDP-GNAc. Presumably, in the intact cell, this enzyme fune- 
tions primarily to catalyze the synthesis of UDP-GNAc from 
UTP and GNAc-1-P. It is of some interest, therefore, that in 
S. aureus, where accumulation of UDP-GN<Ac along with other 
nucleotides occurs as the consequence of inhibition with gentian 
violet (27, 28), no accumulation of UTP or of GNAc-1-P has 
been observed. This must mean, that the equilibrium, the con- 
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stant for which is near 1, is driven far to the side of UDP-GN Ae 
formation, possibly by an efficient removal of PP. Kornberg 
(29) has suggested that reactions in which PP are formed have 
been evolved by the cell to form nucleotides which are needed for 
the formation of “‘building blocks,’ and that the removal of PP 
by inorganic pyrophosphatase accomplishes an ordinarily ir- 
reversible formation of these compounds. 

UDP-GNAc functions in S. aureus, at least in part, as a pre- 
cursor of amino sugars found in the bacterial cell wall (30). 
Both acetylglucosamine and a lactic acid ether of acetylglucosa- 
mine (acetylmuramic acid) are found in the cell wall of S. aureus. 
The high activity of UDP-GNAe pyrophosphorylase in this or- 
ganism reflects the fact that these amino sugars comprise about 
one-third of the weight of the cell wall or about 7 per cent of the 
dry weight of the cell. It has been calculated from these data 
that the amount of enzyme extracted by our procedure is suf- 
ficient to synthesize an amount of UDP-GN Ac equivalent to the 
amino sugars found in the cell wall in 5 to 7 minutes, 7.e. within 
the generation time of the organism. In liver, UDP-GNAc may 
be a precursor of polysaccharides, as it is of hyaluronic acid in 
the Rous chicken sarcoma (15) and in Group A Streptococcus (31), 
and of chitin in Neurospora (32). 

The purified UDP-GNAc pyrophosphorylase is useful 
analytical reagent for the measurement of UDP-GNaAe disap- 
pearance in a variety of circumstances, e.g. in the formation of 
UDP-GNAc-pyruvate (30). The specificity of the enzyme for 
UDP-GN Ac has been employed in the separation of UDP-GalN Ac 
from its naturally occurring mixture with UDP-GNAe (24). 
With UDP-GalNAc purified in this manner as substrate and 
UDP-GNaAc pyrophosphorylase as the detecting enzyme, a con- 
version of UDP-GalNAc to UDP-GNAe in liver and oviduet 
has been measured, but the mechanism of this reaction is not 
yet clear. 

Like UDP-glucose pyrophosphorylase, the UDP-GNAe pyro- 
phosphorylase presumably catalyzes an anionic attack of the 
acids, GNAc-1-P or PP, on the nucleotides, UTP or UDP-GN Ae. 
Recent data (33) suggest that a uridyl enzyme complex is not an 
intermediate in these reactions, as had been earlier postulated 
(for a full discussion of the pyrophosphorylases and their mecha- 
nisms, cf. (29)). 


SUMMARY 


Partial purification of uridine diphosphoacetylglucosamine py- 
rophosphorylases from calf liver and Staphylococcus aureus and 
some of the properties of the purified enzymes have been de- 
seribed. 
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The Preparation of Uridine Diphosphoacetylgalactosamine 


Jack L. STROMINGER AND MILDRED S. Smuiru* 
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(Received for publication, January 12, 1959) 


The naturally occurring mixture of UDP-GalNAc! and UDP- 
GNaAc which has been found in liver (1) and in hen oviduct (2) 
has not yet been separated. In the present paper, a method for 
preparing UDP-GalNAc from this mixture is described. The 
method makes use of the specificity of the enzyme, UDP-GNAc 
pyrophosphorylase, described in the preceding paper (3). UDP- 
GalN Ac, isa very poor substrate for the pyrophosphorylase prep- 
aration. It is easily separated from UTP, one of the products 
of pyrophosphorolysis of UDP-GN Ac, and from the other com- 
ponents of the reaction mixture. 


EXPERIMENTAL 


Action of UDP-GNAc Pyrophosphorylase on UDP-GN Ac- 
UDP-GalN Ac Mixture—When UDP-GNAc pyrophosphorylase 
was allowed to act exhaustively on the UDP-GNAc-UDP-Gal- 
NAc mixture (prepared from hen oviduct) in the presence of 
inorganic pyrophosphate and prostatic phosphatase, liberation of 
acetylamino sugar reached a maximum which was equivalent to 
about 75 per cent of the added nucleotide (Fig. 1). When the 
incubation mixture at this point was chromatographed in neutral 
ethanol-ammonium acetate (4), a compound with the mobility 
of UDP-GNAc remained; presumably it was UDP-GalNAc (Fig. 
2). With yeast UDP-GN Ac (Sigma Chemical Company) as sub- 
strate, the reaction went to completion and no UDP-GNAce re- 
mained. 

Preparation of UDP-GalN Ac—The reaction described in Fig. 
1 was carried out on a 100 times larger scale. The contents of 
the flask, containing 85 uwmoles of UDP-GNAc-UDP-GalN Ac 
mixture, were chromatographed as a band on a single sheet of 
Whatman 3 MM filter paper (18 X 22 inches) in neutral ethanol- 
ammonium acetate for 40 hours. UDP-GalNAc, 17.4 umoles, 
was eluted from the sheet. 

On a preparative scale the following procedure was employed. 
The incubation mixture consisted of 9 ml. of 0.1 m tris(hydroxy- 
methyl)aminomethane buffer containing 0.015 m MgCl., 270 
pmoles of UDP-GNAc-UDP-GalNAc mixture, 9 ml. of 0.2 m 
pyrophosphate, 10 ml. of staphylococcal UDP-GNAc pyrophos- 
phorylase (390 units per ml., prepared as for Step 4 in the pre- 
ceding paper)? (3) and 9 ml. of prostatic phosphomonoesterase 
(0.5 mmole of p-nitrophenylphosphate hydrolyzed per minute per 
ml.). The volume was brought to 160 ml. with water, and the 


* Supported by Grant A-1158 (C) from the National Institute 
of Arthritis and Metabolic Diseases, United States Public Health 
Service. 

1 The abbreviations used are: UDP-GNAc, uridine diphospho- 
acetylglucosamine; UDP-GalNAc, uridine diphosphoacetyl- 
galactosamine. 

2 Enzyme dialyzed after Step 2 has also been used satisfactorily 
for this preparation. 


pH was adjusted to 7.2. During incubation at 38°, 50 wl. sam- 
ples were removed every 20 minutes and assayed for acetylglucos- 
amine. The amount of acetylglucosamine reached a plateau in 
an hour but incubation was continued until 2.5 hours in an at- 
tempt to remove trace amounts of UDP-GNAc. The incubation 
mixture was then put on a column of Dowex 1|-chloride (1 em? x 
30 cm.) and eluted by gradient elution (Fig. 3). The compound 
in the peak corresponding to UDP-GalN Ac (60 umoles) was re. 
covered by absorption and elution from charcoal with ammo- 
niacal ethanol (yield 54 uwmoles). 

Identification of UDP-GalN Ac—This compound was identified 
as UDP-GalNAe as follows: (a) Its ultraviolet absorption spec- 
trum in acid and alkali corresponded to a uridine nucleotide; A 


100- x 


UDP-GNAc 


UOP-GNAc -UDP-GoalNAc 
50- 


FORMATION OF ACETYLGLUCOSAMINE, PERCENT 


1 2 3 4 
HOURS 
Fic. 1. Liberation of acetylamino sugar from UDP-GNAc and 

from UDP-GNAc-UDP-GalNAc mixture. The incubation mix- 
tures consisted of 30 wl. of 0.1 m tris(hydroxymethyl)amino- 
methane buffer, pH 8.5, containing 0.005 m MgCl. , 30 wl. of 0.2m 
pyrophosphate, pH 7.4, 45 ul. of prostatic phosphatase (0.5 umole 
p-nitrophenyl phosphate hydrolyzed per minute per ml.), 10 al. 
of purified calf liver UDP-GNAc pyrophosphorylase (Step 5, 
640 units per ml.). The final pH, tested on Hydrion paper, was 
7 to7.4. Aliquots of 5 ul. were removed at intervals and assayed 
for acetylamino sugar (3). 
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WITH PURIFIED CALF 
LIVER UDP-GNAc 


STDS. 
PYROPHOSPHORYLASE UTP 


— 
UDP-GNAc UDP-GNAc UMP 
UDP-GalNAc . UDP-GNAc 


! 2 


Fic. 2. Ultraviolet absorption print of paper chromatogram 
from incubation mixtures containing UDP-GNAc or UDP-GNAec- 
UDP-GalNAe mixture. After 3 hours of incubation, 75 ul. aliquots 
of the reactions shown in Fig. 1 were boiled for 1 minute, and 
then chromatographed directly in neutral ethanol-ammonium 
acetate (4) by the descending technique. 


ack 389 = 0.36, A acid 329 = 0.72. (b) Hydrolysis in 0.01 x 
HC] for 15 minutes vielded a nucleotide with the mobility of 
UDP in neutral ethanol-ammonium acetate, and an acetylamino 
sugar with €335 mu = 6,900, based on uridine, in the modified 
Morgan-Elson reaction (5). The extinetion coefficients in 
this method for acctylglucosamine and acetylgalactosamine are 
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Fig. 3. Separation of UDP-GalNAe by ion exchange chroma- 
tography. After incubation with staphvlococeal UDP-GNAe 
pyrophosphorylase as described in the text, the UDP-GNAe- 
UDP-GalNAe mixture was run into a column of Dowex |-chloride. 
The column was first eluted with 1 1. of O0.OL ~ HCl (not shown) 
during which only small amounts of ultraviolet-absorbing com- 
pounds were eluted. Gradient elution was then begun with 1 I. 
of 0.01 N HCl in the mixing flask and 1 1. of 0.14 Mm NaCl in 0.O1N 
HCl in the reservoir. Elution was continued with 1 1. of 0.3 m 
NaCl in 0.01 ~ HCl. The flow rate was about 1 ml. per minute 
and fractions of about 35 ml. were collected. Tubes were analyzed 
for ultraviolet absorption at 260 my; uridine content was cal- 
culated with an extinetion coefficient of 10,000. Aliquots were 
hydrolyzed in 0.1. N HCl for 4 minutes and analyzed for acetyl- 
amino sugar with acetylgalactosamine as a standard. Tubes 55 
to 61, containing UDP-GalNAc, were then pooled. 


20,000 and 7,000, respectively (5). (¢) The ratio of total phos- 
phate to uridine was 2.08. (d) The amino sugar, obtained by 
sealed tube hydrolysis for 3 hours in 6“ HCl, was degraded with 
ninhydrin (6). A pentose was formed and identified as lyxose 
by paper chromatography (6). No arabinose was detected. 
Lyxose is the pentose obtained by degradation of galactosamine. 

When the presumptive UDP-GalN Ae was employed as a sub- 
strate for UDP-GNAe pyrophosphorylase, 0.30 umole of UDP- 
GalN Ae vielded 0.007 umole of acetvlamino sugar. This value 
represents, at least in part, a very slow utilization of UDP-Gal- 
NAc by the enzyme preparation (3) although an impurity of 
UDP-GNAe of the order of 1 per cent cannot be excluded. 

A sample was dried in a vacuum over P.O; overnight at room 
temperature. The weight was 15.5 mg., and the uridine con- 
tent 21.4 umoles. This indicates a purity of 89 per cent for the 
diammonium salt (mol. wt. = 641). 


SUMMARY 


A method is described for the separation of uridine diphospho- 
acetyigalactosamine from its naturally occurring mixture with 
uridine diphosphoacetylglucosamine. This method, which 
vielded a product of 89 per cent purity, is the first means of pre- 
paring uridine diphosphoacetylgalactosamine in relatively pure 
form. 
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Previous work from various laboratories (1-8)! has demon- 
strated the following enzymatic steps in the degradation of histi- 
dine by liver and bacterial preparations: 

L-Histidine — Urocanic acid + NH; 
Urocanic acid — |[Imidazolonepropionic acid| — 
Formimino-L-glutamic acid 


The possible role of folic acid cofactors in the further metab- 
olism of formiminoglutamic acid was first suggested by the 
increased urinary excretion of this compound by folic acid-defi- 
cient rats (9-13). It was subsequently shown that formimino- 
glutamic acid was a very effective formylating agent in the 
enzymatic synthesis of formylfolic acid in liver preparations (14, 
15), and liver enzymes have been described (16) which carried 
out the following over-all reaction. 

acid + Tetrahydrofolie acid — 
L-Glutamiec acid + acid + NH, 


In the work reported in the present paper? we have demon- 
strated that this over-all reaction represents the sum of the fol- 
lowing three separate enzymatic reactions.* 


H 
| + 
NH 
| 
HOOC—CH—CH2CH. COOH 
Formiminoglutamic acid 
H 
H.N 
| transferase 
N | : 
OH 


Tetrahydrofolie acid (THF) 


' A bibliography of earlier papers on this subject by Edlbacher, 
Sera and others is contained in reference 1. 

2A preliminary report on these studies has already been pre- 
sented in collaboration with Dr. Jesse Rabinowitz (17, 18). We 
wish to thank Dr. Rabinowitz and Mr. William Pricer, Jr. for 
their cooperation and advice in our studies, as well as for samples 
of formiminoglyeine and of purified Clostridium cylindrosporum 
preparations. 


COOH 


NH, 


HOOC—CH—CH.CH.COOH + 
Glutamic acid 


H 
yn. 
CH:—NH—R 
OH oy 
NH 


5-Formimino-THF 


H 


Cyclodeaminase 
| 
OH CH 
NH 
5-Formimino-THF 
"OY: 
+ NH; 
\NZ fl 
OH 
5,10-Methenyvl-THF 
H 
(3) 


N 
N(7 
N i 


OH CH.—N—R + 
H 
5,10-Methenvl-THF 
H 
N. 
SZ 
On 
CHO 


10-Formyl-THF 
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ur studies of these liver enzymes were facilitated by the pre- 
vious findings of Rabinowitz and Pricer (19-21) that an analogous 
series of reactions involving formiminoglycine were involved in 
the fermentation of urie acid by purified Clostridium cylindro- 
sporum and Clostridium acidi-urict preparations. The role of 
tetrahvdrofolic acid in the metabolism of formiminoglycine by 
(. actdi-urici preparations has also been reported by Sagers et al. 
(22). A formimino-transfer in the formiminoglutamic acid-tet- 
rahvdrofolic acid system has also been postulated by Miller 
and Waelsch (16) on the basis of isotopic and kinetic data. 


EXPERIMENTAL 


Materials 


Tetrahydrofolic acid was prepared by the catalytic reduction 
of folie acid in glacial acetic acid (23, 24). The catalyst was re- 
moved by filtration under helium, and the filtrate was lvophilized. 
The powder was immediately suspended in 1 M mereaptoethanol, 
with 22.7 ml. of the mereaptoethanol solution per gram of the 
lyophilized powder; sufficient NaHCO; was added to bring the 
pH to6—7. The solution was then assayed for its tetrahydro- 
folic acid content* and was found to contain 73 umoles of dl- 
tetrahydrofolic acid per ml. volatile acid® determination 
showed 93 wmoles of volatile acid per ml., which was presumed 
to be acetic acid. The total V-content® of the solution was 558 
umoles of per ml. (theory for 73 uwmoles of tetrahydrofolie 
acid = SIL wmoles of NV). The purity of the tetrahydrofolic 
acid, therefore, was 92 per cent on the basis of the total nitrogen 
content and S6 per cent on the basis of the weight of the powder 
(after correction for the acetic acid content). 

These solutions of sodium tetrahydrofolate in 1 M mereapto- 
ethanol were stored in dark vessels in a vacuum at 0°; under these 
conditions there was only a small decrease in tetrahydrofolic 
acid content over a period of 6 months. Less concentrated so- 
lutions were obtained by diluting the above solution with the 
appropriate volumes of | M mercaptoethanol. 

Bartum formimino-L-glutamate, formimino-L-aspartic acid, 
and formiminoglyeine were synthesized as previously described 
(28). The barium salt of formiminoglutamic acid was converted 


‘The tetrahvdrofolie acid concentration was determined by a 
modification of a method previously described for the determina- 
tion of formiminoglutamic acid (25). For the determination of 
tetrahyvdrofolie acid, limiting amounts of tetrahvdrofolie acid 
were incubated with excess formimino-L-glutamic acid and an 
enzyme preparation (Step C, Table 1) which contained both for- 
miminoglutamic acid transferase and evclodeaminase. After the 
incubation the mixture was acidified, and the concentration of 
5,10-methenvltetrahydrofolic acid was determined by measuring 
the optical density at 350 my. 

The concentration of proce a acid determined by this 
enzymatic method agreed with a microbiological assay on the same 
material carried out by Mr. Howard Bakerman according to the 
procedures described by Silverman ef al. (26,27). Svnthetie prep- 
arations of tetrahydrofolic acid contain two optical isomers due to 
asvmmetry of the C-6 position after reduction (29, 30). Since 
only one of these isomers appears to be active in the above enzy- 
matic assay, the tetrahydrofolic acid values listed in the paper 
represent the concentration of the enzymatically active isomer 
only, unless otherwise indicated. Where the text indicates dl- 
tetrahvdrofolice acid, these values have been obtained by doubling 
the concentration found by the enzymatic assay. No studies 
have been carried out on the specificity of this enzymatic assay 
for tetrahyvdrofolic acid with regard to other pterin derivatives. 

* We wish to thank Dr. William Alford and the staff of the Mi- 
croanalytieal Laboratory of this Institute for these analyses. 
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to the sodium salt by treatment with Na,SO,. The ealcium salt 
of 5-formyltetrahydrofolic acid, Leuecovorin, was kindly supplied 
by Dr. Harry P. Broquist of the Lederle Laboratories. For- 
miminotetrahydrofolic acid was prepared and stored as de- 
scribed below. 

dl-5 ,10-Methenyltetrahydrofolic acid (anhydro-Leucovorin) 
was prepared by dissolving approximately 15 wmoles of dl-5-for- 
myltetrahydrofolic acid in 10 ml. of 0.1 N HCl containing 600 
umoles of mereaptoethanol. This was incubated in a vacuum 
in the dark at 25° for 24 hours and subsequently stored in a vae- 
uum at 0°. 

Solutions of dl-10-formyltetrahydrofolic acid were prepared 
immediately before use by incubating 0.1 ml. of the above 5,10- 
methenyltetrahyvdrofolic acid solution, 140 umoles of 
ethanol, and 50 uwmoles of NaOH in a final volume of 3 ml. 
25° until the optical density at 355 my had decreased by approxi- 
mately 95 per cent (5 minutes). Alternatively, when mercapto- 
ethanol-free solutions were desired, these preparations were made 
anaerobically under helium. 

Chymotrypsin (‘“erystallized, salt-free’’) was obtained from 
the Worthington Biochemical Corporation. 


Methods 


The assavs for the three enzymatic steps were based on the 
procedures used by Rabinowitz and Pricer (19, 20), and depended 
on the high extinction coefficient (24,900) of 5,10-methenyItet- 
rahvdrofolie acid at 350 my inacid orat 355 mu at pH 7 (24, 29, 
30). In Step 1, for example, as demonstrated later in this paper, 
formiminotetrahyvdrofolic acid was formed. Although for- 
miminotetrahvdrofolie acid has essentially no absorption at 355 
mu, the amount of formiminotetrahyvdrofolic acid formed was 
determined by converting it to 5,10-methenyltetrahyvdrofolic 
acid with either acid (Assay A), or excess cyclodeaminase (Assay 
B); the increase in optical density was then measured at 350 my 
or 355 mu, respectively. In Step 2 the assay was based on the 
increase in the optical density at 355 my which occurred when 
5,10-methenyltetrahvdrofolic acid was formed from formimino- 
tetrahvdrofolic acid, with limiting amounts of cvclodeaminase. 
The formiminotetrahydrofolic acid was either added directly, 
(Assay C) or generated with formiminoglutamic acid, tetrahydro- 
folie acid, and excess Enzyme | (Assay D). Step 3 was assayed 
by’ measuring the decrease in absorption at 355 mu when 5,10- 
methenyltetrahvdrofolic acid was converted to 10-formyltetra- 
hvydrofolie acid, since the latter derivative had no absorption at 
this wave length. The details of each assay are presented below. 

Assays for Formiminoglutamic Acid Formimino - transferase 
(Enzyme I)—In Assay A the incubation mixture contained 0.1 
ml. of 1 M potassium phosphate buffer, pH 7.2; 0.1 ml. of 0.0035 
M sodium tetrahydrofolate in 1 mM mercaptoethanol; 0.05 ml. of 
0.1 mM sodium formiminoglutamate; enzyme, diluted in 0.5 m 
triethanolamine sulfate buffer, pH 7.2; and water, in a final 
volume of | ml. After 2 minutes at room temperature, approxi- 
mately 25°, 0.3 ml. of 10 per cent perchloric acid was added, and 
the solution was heated in boiling water for 55 seconds. The 
solution was immediately cooled in ice water and centrifuged; 
the optical density of the supernatant solution was then deter- 
mined at 350 my against a control incubation mixture which had 
been treated in a similar manner except for the omission of the 
sodium formiminoglutamate. An amount of enzyme was usually 
selected for this assay to give an increase in optical density be- 
tween 0.5 and 1.5 under these conditions. 
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The above procedure was satisfactory for the assay of Enzyme 
I even in the presence of large amounts of Enzyme II and Enzyme 
I{I. This was owing to the fact that the same amount of 5,10- 
methenyltetrahydrofolic acid was formed by the acid treatment 
of either formiminotetrahydrofolic acid or an equivalent mixture 
of formiminotetrahydrofolic acid, 5,10-methenyltetrahydrofolic 
acid, and 10-formyltetrahydrofolie acid. 

In Assay B, which was used as the method of choice, the in- 
cubation mixture contained 0.2 ml. of 0.5 m triethanolamine sul- 
fate buffer, pH 7.2; 0.05 ml. of 0.1 m sodium formiminoglutamate ; 
0.02 ml. of 0.0035 m sodium tetrahydrofolate in 1 mM mercapto- 
ethanol; excess Enzyme II (approximately 5 units by Assay D, 
either from liver or from C. cylindrosporum); and the Enzyme 
I preparation to be tested, in a final volume of 1 ml. The initial 
increase in optical density at 355 my, due to the formation of 5, 
10-methenyltetrahydrofolic acid, was determined directly at 
room temperature in a recording spectrophotometer against a 
blank mixture containing only the buffer, tetrahyvdrofolic acid, 
and water. <A suitable control without Enzyme I addition was 
included to correct for any Enzyme I| activity in the Enzyme II 
preparation used. 

Assay B was not satisfactory in the presence of large amounts 
of Enzyme III since this enzyme immediately hydrolyzed the 5, 
10-methenyltetrahydrofolic acid that was formed. Contamina- 
tion with Enzyme IT did not interfere with the assay, since excess 
Enzyme IT was present in the incubation mixture. 

Assays for Cyclodeaminase (Enzyme I1) Activity—In Assay C 
the incubation mixture contained 0.2 ml. of potassium maleate 
buffer, pH 6.50 (1 mM with respect to K*); 0.1 umole of formimino- 
tetrahyvdrofolic acid; 0.02 ml. of 0.1 M mercaptoethanol; and 
enzyme (freshly diluted in the maleate buffer, if necessary), in 
a final volume of | ml. The initial increase in optical density 
at 355 my, due to the formation of 5,10-methenyltetrahydro- 
folic acid, was determined directly in a recording spectrophotom- 
eter against a blank mixture containing all of the components 
except enzyme. 

In Assay D 0.2 ml. of 0.5 mM triethanolamine sulfate, pH 7.2; 
0.1 ml. of 0.1 mM sodium tormiminoglutamate; 0.02 ml. of 0.0035 
M sodium tetrahydrofolate in 1 M mercaptoethanol; and excess 
Enzyme [ (approximately 5 units), in a final volume of 1 ml., 
were preincubated at room temperature in order to form for- 
miminotetrahydrofolic acid. After 5 minutes 0.01 ml. of 1 m 
KCl was added, together with the Enzyme II preparation to be 
tested; the initial increase in optical density at 355 my was then 


measured against a control tube containing buffer, tetrahydro-— 


folie acid, and water. A suitable control was also included with- 
out any Enzyme II addition to correct for any Enzyme II 
activity present in the Enzyme I preparation used.  Alterna- 
tively, formiminotetrahydrofolic acid was generated with for- 
miminoglycine, tetrahydrofolic acid, and a purified formimino- 
glycine formimino-transferase, which had been prepared by 
Rabinowitz and Pricer (19, 20) from C. cylindrosporum. The 
units obtained with Assay D were approximately one-third of 
those obtained with Assay C; this was due, at least in part, to 
inhibition by the tetrahydrofolic acid preparation, as described 
later in this paper. 

These assays for Enzyme II were satisfactory for the extracts 
of hog liver acetone powders used in the studies reported in this 
paper, since these preparations contained only traces of Enzyme 
III activity. These assays, however, could note used with any 
extracts that contained large amounts of Enzyhe IIL, since the 
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latter enzyme would immediately have hydrolyzed any 5, 10- 
methenyltetrahydrofolic acid that had been formed. 

Assay for Cyclohydrolase (Enzyme III) Activity—This enzyme 
converts 5,10-methenyltetrahydrofolic acid to 10-formyltetra- 
hydrofolic acid, and was assayed (Assay E) by measuring the 
decrease in absorption at 355 my in an incubation mixture con- 
taining 0.2 ml. of 1 M potassium maleate buffer, pH 6.50; 280 
umoles of mercaptoethanol; enzyme; and 0.075 umole of dl-5,10- 
methenyltetrahydrofolic acid in a final volume of 1 ml. Suffi- 
cient KOH was added to neutralize the HC! in the 5,10-meth- 
enyltetrahydrofolic acid preparation. 

For a satisfactory assay it was essential to obtain initial rates, 
which were conveniently determined with a recording spectro- 
photometer. Alternatively, the enzyme can be assayed by cal- 
culating the first order reaction constants, making a suitable 
correction for the 50 per cent of the substrate which was enzy- 
matically inactive (see below). 

With all of these assays a unit has been defined as the amount 
of enzyme causing an optical density change of 1.0 per minute 
at the wave length indicated as calculated from the optical den- 
sity change during the initial phase of the reaction. An optical 
density of 1.0 is equivalent to 0.04 umole of 5,10-methenyltetra- 
hyvdrofolic acid per ml. Satisfactory proportionality of enzyme 
concentration and activity was demonstrated for all of the above 
assavs. All incubations were carried out at room temperature, 
approximately 25°. 

Protein was determined by measuring the absorption at 280 
my and 260 my (31). Specific activity is expressed as units of 
activity per mg. of protein. All speectrophotometric measure- 
ments were made with either the Beckman model DU or Cary 
model 11 spectrophotometer; cuvettes with a l-em. light path 
were used. 

Assay for Ammonia—For the determination of ammonia in 
the presence of either formiminoglutamic acid or formiminotetra- 
hvdrofolic acid, the ammonia must first be separated from these 
compounds, since formimino compounds are hydrolyzed to 
ammonia at the alkaline pH necessary for either distillation or 
nesslerization (2, 3, 28). For this purpose the ammonia was 
adsorbed on an Amberlite XE-64-K* column‘ (2 em. high, l-em. 
diameter), and the resin was then thoroughly washed several 
times with a total of approximately 20 ml. of cold water. Under 
these conditions neither formiminoglutamic acid nor formimino- 
tetrahvdrofolic acid was adsorbed onto the resin. The ammonia 
was then eluted with 2.5 ml. of 0.2 n NaOH, followed by 0.5 ml. 
of water. The amount of ammonia was then determined by 
direct nesslerization, with 0.3 ml. of an alkali-free Nessler’s re- 
agent. 


PREPARATION OF ENZYMES I, II, III 


Purification of Formiminoglutamic Acid Formimino-transferase 
(Enzyme I) and of Cyclodeaminase (Enzyme I1) 


Step A. Acetone Powder Extract—Commercial lots of frozen 
hog liver were used as the starting material and these could be 
stored at —20° for at least 6 months with essentially no loss in 
activity. Acetone powders were prepared essentially as previ- 
ously described (25) and stored at —15° in a vacuum over silica 
When stored under these conditions there was essentially 


gel. 
Acetone powder, 


no loss in activity for as long as 6 months. 


6 We wish to thank Dr. Sanford M. Rosenthal for suggesting the 
use of this resin. 
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TABLE 


Purification of formiminoglutamic acid formimino-transferase (Enzyme 1) and cyclodeaminase 
(Enzyme II) from hog liver acetone powder 


| Enzyme I Enzyme II 
Preparation | Volume Protein Total units Total units 
Specific Specific 
Assay Assay activity® Assay Assay activity* 
A B © D 
Step A. Extract of acetone powder............... 3000 110,000 | 123,000 | 107,000 1 281,000 83,100 0.8 
Step C. Sodium acetate extract of (NH,4)2SO, pre- 
Step D. pH fractionation......................... 15.4 53 27, 700 37 , 600 710T 70,300 | 26,350 | 500 
Separation of Enzyme I from Enzyme II by treatment with chymotrypsin or with ammonia 
Step KE. After chymotrypsin treatment{........... 46 20, 600 30, 300 25 2 
Step Ek’. After ammonia treatmentf............... 18 4 0.4 16,600 | 6,000 


* Based on Assay B for Enzyme I and Assay D for Enzyme II. 


t This specific activity corresponds to a turnover number of 2800 moles/100,000 gm. per minute. 
t These steps were carried out on aliquots of Preparation D. The data presented in the table, however, have been expressed in 


terms of the entire preparation. 


320 gm., was extracted with 3200 ml. of water at room tempera- 
ture for 15 minutes with occasional gentle stirring. The suspen- 
sion was then centrifuged for 20 minutes -at 20,000 x g, and the 
supernatant fluid was collected (Step A, Table I). 

The following steps were carried out at 0—-2° unless otherwise 
indicated; all centrifugations were carried out in angle centri- 
fuges. 

Step B. Ammonium Sulfate Fractionation—Ammonium sulfate, 
600 gm., was dissolved in 3000 ml. of the above supernatant so- 
lution. After approximately 2 hours this was centrifuged at 
20,000 x g for 20 minutes, and the supernatant solution was 
discarded. The discarded fraction contained only about 8 per 
cent of the units but about 85 per cent of the protein. 

Step C. Differential Extraction of Ammonium Sulfate Precipi- 
tate—The precipitate was thoroughly suspended in 65 ml. of 
water, and stored at 0° for approximately 18 hours with occa- 
sional stirring. The mixture was centrifuged for 2 hours at 
35,000 x g, and the supernatant solution, containing approxi- 
mately 10 per cent of the units and a large per cent of the remain- 
ing protein, was discarded. 

The residue was then extracted with approximately 75 ml. of 
0.2 m sodium acetate with frequent stirring. After 4 to 18 hours 
the suspension was centrifuged at 35,000 x g for 30 minutes, 
and the residue was discarded. 

The supernatant fluid (Step C, Table I) has been stored with 
essentially no loss in activity either at 0° for 3 months or at —20° 
for 6 months. No Enzyme III was present in this preparation. 

Step D. pH Fractionation—The supernatant solution from the 
previous step was mixed with 0.1 volume of 3 m acetate buffer 
(sodium acetate:acetic acid, 90:10). After approximately 5 
hours this was centrifuged at 35,000 x g for 30 minutes. The 
supernatant solution was discarded, and the precipitate was sus- 
pended in 15 ml. of 0.1 m triethanolamine sulfate buffer, pH 7.2 
(Step D, Table I). | 

Even though Preparation D had been purified approximately 
700-fold, it still contained both Enzyme I and Enzyme II activ- 
ities. Therefore, the behavior of Preparation D in the ultra- 


centrifuge was studied by Dr. William Carroll,’ with the use of 
the Spinco model E ultracentrifuge with a rotor temperature of 
5°. Before this study the solutions were subjected to a pre- 
liminary centrifugation at 35,000 x g for 30 minutes. In two 
experiments with enzyme solutions containing either 3.5 or 0.7 
mg. of protein per ml. of 0.3 m triethanolamine sulfate buffer 
(pH 7.2), the schlieren patterns showed only one peak. The 
sedimentation constants, 85,., were 14.5 x 10°" and 16.3 x 
10-, respectively. The separation cell, devised by Yphantis 
and Waugh (32), permitted an independent determination of the 
sedimentation constants, based on the determination of the ac- 
tivities of Enzyme I and of Enzyme II in the compartments of 
the cell before and after centrifugation. In ar experiment with 
the solution containing 0.7 mg. of protein per ml., the sedimen- 
tation constant for Enzyme I was found to be 15.7 « 10°"; 
the sedimentation constant for Enzyme II was 17.2 x 10°". 
Within experimental error, these values agreed with each other, 
as well as with the sedimentation constants determined by the 
schlieren procedure. Thus, the ultracentrifugal analyses showed 
no evidence for the separation of Enzyme I from Enzyme II, or 
for the presence of more than one protein component. 

Separation of Enzyme I from Enzyme II—To effect a suitable 
separation of Enzyme I from Enzyme II the following procedures 
were developed. 

Step E. Chymotrypsin Treatment—Incubation of the enzyme 
system with chymotrypsin® caused much more destruction of 
Enzyme II than of Enzyme I, resulting in a preparation of 
Enzyme I which contained only traces of Enzyme II (Prepara- 
tion E, Table 1). The ratio of Enzyme I units to Enzyme II 


7 We wish to thank Dr. William Carroll and Mr. Ellis Mitchell 
for carrying out these determinations with the ultracentrifuge. 
We also wish to thank Dr. Harry Saroff and Mrs. Ann Ginsburg 
for helpful discussions. 

8 We wish to thank Dr. Jules Gladner for helpful discussions 
and for the diisopropylfluorophosphate solutions used in these 
experiments. The diisopropylfluorophosphate had _ originally 
been obtained from Dr. Bernard Jandorf of the Army Chemical 
Center. 
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units obtained by this procedure varied with different prepara- 
tions but usually was >200. Chymotrypsin was inactivated 
at the end of the incubation period by the addition of diisopropyl- 
fluorophosphate, since otherwise storage of the enzyme mixture 
with chymotrypsin eventually resulted in marked destruction of 
Enzyme I. The addition of diisopropylfluorophosphate alone 
had no effect on either Enzyme I or Enzyme II. 

The treatment with chymotrypsin was carried out in the fol- 
lowing manner. The enzyme solution obtained in Step D was 
brought to room temperature, 25°, and diluted with 1.5 volumes 
of water. For each ml. of enzyme, 0.025 ml. (0.5 mg.) of chymo- 
trypsin solution was added, and the mixture was incubated 
at room temperature for approximately 2 hours. After the 
incubation period the reaction mixture was treated with a 0.2 m 
solution of diisopropylfluorophosphate in isopropanol (0.007 ml. 
per ml. of the enzyme-chymotrypsin mixture). Sufficient 0.5 m 
triethanolamine sulfate buffer, pH 7.2, was then added (0.12 ml. 
per ml.) to give a final concentration of 0.1 m buffer (Preparation 
E). 
This enzyme preparation can be stored at 2° for several weeks 
without loss of activity; after 2 months the activity of several 
preparations had decreased by 16 to 45 per cent. The enzyme 
solution has also been stored at —20° for several weeks without 
loss of activity; certain preparations, however, have rapidly lost 
activity under these conditions. The enzyme has been dialyzed 
against 100 volumes of 0.1 m triethanolamine sulfate buffer, pH 
7.2, for 24 hours at 2° without any loss in activity. 

Step E’. Ammonia Treatment—To obtain a preparation of 
Enzyme II which was relatively free of Enzyme I, the enzyme 
solution was treated with an ammonium hydroxide buffer, pH 
10.5. Under these conditions there is a relatively rapid in- 
activation of Enzyme I; some inactivation of Enzyme II also 
occurs, but at a considerably slower rate. 

The enzyme solution obtained in Step D was treated at 2° in 
a stoppered test tube with 0.05 volume of a 1 Mm ammonium 
acetate-ammonium hydroxide buffer (pH = 10.5, measured at 
2°). After 2.5 days the solution was transferred to a beaker 
which was placed in a vacuum desiccator over dilute sulfuric 
acid for several days, at +2°, to remove most of the ammonia; 
the final pH of the solution was 7 to 7.5. 

As seen in Table I (Preparation E’) this resulted in inactiva- 
tion of essentially all of Enzyme I; 25 per cent of the Enzyme II 
activity remained (ratio of Enzyme II units to Enzyme I units, 
>4000). In other experiments with a storage period of 1.5 days 
at the alkaline pH, the yield of Enzyme II was usually higher 
(80 to 90 per cent) with >99 per cent inactivation of Enzyme I. 

Partial reactivation of the inactivated Enzyme I in Prepara- 
tion E’ could be attained by incubation at 0° with 0.1 ml. of 1 
M mercaptoethanol per ml. of enzyme. After 5 hours the En- 
zyme I activity increased to 0.4 per cent of that found before 


TABLE II 


Preparation of Enzyme III by ammonium sulfate fractionation of 
extracts of rabbit liver acetone powder 


Enzyme I Enzyme III 
Total units | Total units 
4.9 | 0.02 526 22 
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the pH 10.5 treatment; after 3 days the activity had increased to 
6.2 per cent of this value. 

When stored at —20° Preparation E’ lost 10 to 30 per cent of 
its Enzyme II activity in 1 month, 50 per cent of its activity in 
3 months, and 80 per cent of its activity in 1 year. 

Except when otherwise indicated, either Preparation E (for 
Enzyme I) or Preparation E’ (for Enzyme II) was used for the 
experiments with these enzymes reported in this paper. 


Preparation of Enzyme III (Cyclohydrolase) 


Although fresh hog liver extracts contained cyclohydrolase 
activity, the extracts of acetone powder, which had been pre- 
pared as described above from stored, frozen hog liver, con- 
tained only traces of this enzyme (<0.1 unit per ml.). Extracts 
of acetone powder, which had been made from fresh rabbit liver, 
on the other hand, contained an active cyclohydrolase, and these 
were used as the starting material for the preparation of this 
enzyme. The rabbit liver acetone powder was stable for at least 
3 months when stored at —10° in a vacuum. 

Rabbit liver acetone powder, 2 gm., was extracted with 20 
ml. of water, with occasional stirring, at room temperature for 
15 minutes. The suspension was then centrifuged at 20,000 x 
g for 10 minutes, and the supernatant solution was separated. 

A single fractionation with ammonium sulfate was carried out 
on this extract to separate Enzyme III from Enzyme I (Table 
II). The extract, 14 ml., was treated with 3 gm. of 
ammonium sulfate. The precipitate, ASI, containing 34 units 
of Enzyme III, was discarded. An additional 2 gm. of am- 
monium sulfate were added to the supernatant solution. The 
precipitate was collected and dissolved in 7 ml. of 0.1 mM potassium 
maleate buffer, pH 6.5 (AS2). 

This fraction contained most of the Enzyme III activity but 
only 1 per cent of the Enzyme I units; essentially all of the 
Enzyme I units had been precipitated in the first ammonium 
sulfate fraction. These preparations were not assayed for En- 
zyme II, since, as indicated under ‘‘Methods,” the usual assays 
cannot be used in the presence of large amounts of Enzyme III. 
The fractionated enzyme was relatively unstable at 0°, usually 
losing 40 per cent of its Enzyme III activity in 1 day and 75 
per cent in 4 days.2 At —20° the enzyme lost approximately 15 
per cent of its activity in 1 day, 50 per cent of its activity in 5 
days, and 70 per cent of its activity in 30 days. 


RESULTS 


Data will be presented below showing that each of these three 
enzymes carries out a single step in the formulation presented 
in the introduction. Step 1 is carried out by formiminoglutamic 
acid formimino-transferase (Enzyme I), Step 2 by cyclodeaminase 
(Enzyme II), and Step 3 by cyclohydrolase (Enzyme III). 

Figure 1, Curve A, represents the changes in the optical density 
at 355 my that occurred upon the successive additions of these 
enzymes; these spectral changes serve as a summary of the 
reactions to be described more extensively below. At zero time 
formimino-L-glutamic acid and tetrahydrofolic acid were present; 
the addition of Enzyme I resulted in no increase in the optical 
density at this wave length. During this period, however, as 


® We have recently found that this preparation was consider- 
ably more stable when glycerol was added to the solution. In 
the presence of 50 per cent glycerol there was no loss of activity 
when the enzyme was stored at 0° for 4 days. 


XUM 


! 


July 1959 H. Tabor and L. Wyngarden 1835 


1.0 


a” ENZYME I ENZYME I ENZYME IL HCI 
t 

B 

0.6 (NO ENZYME II) 

D 0.5 + 
— 

0.3 + C 
(NO ENZYME ID 

fou 0.2 
ro) 


2 


D 
A,B,C,D. (NO ENZYMEI) 
0 5 10 15 20 
TIME (MINUTES) 


Fic. 1. The action of formimino-transferase, cyclodeaminase, and cyclohydrolase in the conversion of formimino-L-glutamic 
acid and tetrahydrofolic acid to 10-formyltetrahydrofolic acid. The incubation mixture contained 100 umoles of triethanolamine 
sulfate buffer, pH 6.7; 0.032 umole of sodium tetrahydrofolate; 10 umoles of mercaptoethanol; 5 umoles of sodium formiminogluta- 
mate; and water, in a final volume of 1 ml. In Experiment A the following additions were made at the times indicated: Enzyme I, 
11 units; Enzyme II, 3.8 units; Enzyme III, 1.1 units; and HCl, 0.3 mmole. In the other experiments similar additions were made 
except for the omission of Enzyme III in Experiment B, the omission of Enzyme II in Experiment C, and the omission of Enzyme I 
in Experiment D. The optical density at 355 my was measured in a Cary recording spectrophotometer against a blank incubation 
mixture containing all of the additions except formiminoglutamic acid. Control experiments were carried out to demonstrate that 
heated enzyme preparations (100° for 1 minute) were inactive. Optical density measurements were continued in Experiment C 
for 62 minutes; at this time the optical density was 0.770. All curves have been corrected for the volume changes caused by the 


various additions. 


shown below, the enzyme catalyzed the transfer of the formimino 
group from formiminoglutamic acid to tetrahydrofolic acid with 
the formation of formiminotetrahydrofolic acid. After 5.5 
minutes Enzyme II was added, and there was a rapid rise in the 
optical density; this can be attributed to the formation of 5, 10- 
methenyltetrahydrofolic acid. Subsequently, Enzyme III was 
added, resulting in a rapid fall in the optical density, presumably 
due to the hydrolysis of 5,10-methenyltetrahydrofolic acid to 
10-formyltetrahydrofolic acid. Upon the addition of HCl the 
optical density rapidly increased, indicating the rapid recycliza- 
tion of the 10-formyltetrahydrofolic acid to 5,10-methenyl- 
tetrahydrofolic acid. 

In Curve B additions of Enzyme I and II were made as in 
Curve A. Enzyme III was omitted, however. In contrast to 
Curve A the optical density attributed to 5,10-methenyltetra- 
hydrofolic acid did not fall rapidly, but only at a much slower 
rate, which can be attributed to the nonenzymatic hydrolysis of 
the 5,10-methenyltetrahydrofolic acid to 10-formyltetrahydro- 
folic acid at this pH. 

In Curve C Enzyme I was added, but Enzyme II was omitted. 
Enzyme III was then added, but there was no change in the 
optical density. Upon the addition of HC] there was a slow 
increase in the optical density that was presumably due to the 
conversion of the postulated 5-formiminotetrahydrofolic acid to 
5,10-methenyltetrahydrofolic acid. As shown further, below, 
the cyclization of this compound was considerably slower than 
that observed with 10-formyltetrahydrofolic acid. 


In Curve D Enzyme I was omitted. The addition of Enzyme 
II or Enzyme III resulted in no increase in the optical density. 
Likewise, no effect was noted following acidification. 

Further data on each of these enzymatic steps will be presented 
below. 


Step 1. Formiminoglutamic Acid-Formimino-transferase 
(Enzyme 1) 


Formimino-L-glutamic acid + Tetrahydrofolie acid = 
5-Formiminotetrahydrofolie acid + Lt-Glutamic acid 


As indicated above (Fig. 1), in the presence of formimino-1- 
glutamic acid and tetrahydrofolic acid Enzyme I catalyzed the 
formation of a compound which, on the basis of spectral evidence, 
was tentatively referred to as 5-formiminotetrahydrofolie acid. 
In the experiment presented below this reaction was carried out 
on a large scale; the product was isolated and further evidence 
was obtained for this structure. , 

The incubation mixture contained 1100 pmoles of sodium 
formimino-L-glutamate, 305 ymoles of sodium tetrahydrofolate, 
9 mmoles of mercaptoethanol, 5000 units of Enzyme I, and 21.6 
ml. of 0.2 M potassium phosphate buffer, pH 6.2, in a final volume 
of 180 ml. After 19 minutes at 25° the solution was cooled in 
ice, and the optical density of an aliquot was determined at 350 
muy; the aliquot was then treated with acid as in Assay A. The 
optical density before the addition of acid was due to pre-existing 
5,10-methenyltetrahydrofolic acid; the increase in the absorp- 
tion after the addition of acid was due to 5,10-methenyltetra- 
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Fig. 2. Absorption spectrum of formiminotetrahydrofolic ‘acid 
at pH 6.7; conversion of formiminotetrahydrofolic acid to 5,10- 
methenyltetrahydrofolic acid upon treatment either with acid or 
with cyclodeaminase. The experimental cuvette contained 0.5 
ml. of 0.5 m triethanolamine sulfate buffer, pH 6.7; 0.5 ml. of 1M 
KCl; and 0.05 ml. (approximately 0.1 umole) of the solution of 
formiminotetrahydrofolic acid, in a final volume of 3 ml. The 
spectrum (- —-—) was measured with a recording spectrophotome- 
ter against a control cuvette without any formiminotetrahydro- 
folic acid. An excess of cyclodeaminase was then added rapidly 
to each cuvette, and the spectrum was immediately determined 
(——). The spectrum was redetermined at intervals of 3 to 5 
minutes; these spectra (not presented here) showed a gradual 
decrease in the optical density at 355 my and an increase at 255 mug, 
due to the nonenzymatic conversion of 5,10-methenyltetrahydro- 
folie acid to 10-formyltetrahydrofolic acid. 

In a parallel experiment, 0.3 ml. of 6 N HCl instead of cyclo- 
deaminase was added to each cuvette. The mixtures were heated 
at 100° for 55 seconds and rapidly cooled. The spectrum of the 
resultant 5,10-methenyltetrahydrofolic acid ( ) is shown, cor- 
rected for the effect of dilution on the optical density. 

The above spectra are represented in the figure by the dashed 
and continuous lines. For comparison, spectra of chemically 
prepared 5,10-methenyltetrahydrofolic acid at pH 6.7 (O) and in 
HCl (@), and of 5-formyltetrahyvdrofolic acid at pH 6.7 (A) have 
also been recorded, and these have been represented in the figure 
by the various symbols. The 5-formyltetrahydrofolic acid and 
5,10-methenyltetrahydrofolic acid solutions contained approxi- 
mately 0.034 umole per ml. 


hydrofolic acid which had been formed by the acid-catalyzed 
cyclization of formiminotetrahydrofolic acid. The results showed 
the presence of 24 ywmoles of 5,10-methenyltetrahydrofolic acid 
and 246 umoles of formiminotetrahydrofolic acid in the incuba- 
tion mixture. C'-glutamic acid (4 umoles, 10° c.p.m.) was then 
added as a convenient marker for the glutamic acid produced in 
the reaction, and the mixture was placed directly on a Dowex 
l-acetate column (8 per cent cross-linked ; 200 to 400 mesh; 1.2 x 
28.5 em.). All of the chromatographic procedures were carried 
out rapidly in a cold room at +2°, with the use of air pressure to 
increase the elution rates; this was necessary to minimize cycliza- 
tion of the formiminotetrahydrofolic acid to 5,10-methenyl- 
tetrahydrofolic acid. 
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The column was thoroughly washed with cold water and sub- 
jected to gradient elution. The mixing vessel contained 250 
ml. of water; the reservoir initially contained 0.3 N acetic acid. 
After a volume of 200 ml. had passed through the column, the 
concentration of acetic acid in the reservoir was increased to 1 N. 
Each tube (volume = 20 ml.) was assayed for radioactivity and 
for optical density at 350 my before and after HCl addition. 
Complete spectra were obtained with a recording spectrophotom- 
eter for all tubes containing material absorbing at 350 my after 
acid treatment. 

Glutamic acid (as indicated by C' determinations) was eluted 
in the 130 to 205-ml. fractions. The fractions containing 
formiminotetrahydrofolic acid were pooled into three portions: 
Fraction A, 147 to 205 ml.; Fraction B, 205 to 335 ml.; and 
Fraction C, 335 to 425 ml. Each fraction was rapidly frozen 
and lyophilized. Fraction A contained only a small amount of 
formiminotetrahydrofolic acid, and was contaminated with 
glutamic acid. Fraction B contained a major part of the formi- 
minotetrahydrofolic acid, and was used for most of the studies 
reported in this paper. Fraction C appeared somewhat yellow, 
and was contaminated with relatively large amounts of 5,10- 
methenyltetrahydrofolic acid as indicated by the optical density 
at 355 my before the addition of HCl. Subsequent fractions 
were increasingly colored and were discarded. The yield of 
formiminotetrahydrofolic acid in Fractions A, B, and C was ap- 
proximately 25 per cent of the amount found in the incubation 
mixture before chromatography. The low yield was due, at 
least in part, to decomposition of the formiminotetrahydrofolic 
acid during the chromatography. 

The absorption spectrum of formiminotetrahydrofolic acid, 
Fraction B, is shown in Fig. 2. The small absorption at 355 
my probably represents a 10 per cent contamination with 5, 10- 
methenyltetrahydrofolic acid that formed during the various 
preparative procedures. Upon treatment either with HCl or 
with Enzyme II (cyclodeaminase) the spectrum of the formi- 
minotetrahydrofolic acid (— — —) shifted to that of 5, 10-methenyl- 
tetrahydrofolie acid ( ). As indicated later, this shift was 
accompanied by the release of one equivalent of free ammonia. 
The extinction coefficient of the 5,10-methenyltetrahydrofolic 
acid formed after acid treatment was approximately 80 per cent 
of that expected from the weight of the 5-formiminotetrahydro- 
folic acid preparation used. 

For comparison Fig. 2 also contains the spectrum of authentic 
5,10-methenyltetrahydrofolic acid (@ in 0.6 n HCl; O at pH 
6.7); this material had been prepared from synthetic 5-formyl- 
tetrahydrofolic acid as described above under ‘‘Materials.” The 
same absorption maximum was obtained for this material and 
for the 5,10-methenyltetrahydrofolic acid derived from the 
formiminotetrahydrofolic acid. For both materials the peak 
was at 348 my in 0.6 Nn HCl and at 357 to 358 my at pH 6.7; 
in other experiments the peak of both materials was at 351 my 
in 0.1 HCl. 

Elementary analysis of Fraction B: 


Calculated for 
C 46.47, H 5.67, N 19.71 
C 47.02, H 5.57, N 19.75 


Found: 


This analysis, however, can only be considered an approximation 
in view of the contamination with 5, 10-methenyltetrahydrofolic 
acid pointed out in the previous paragraph. The presence of 
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one equivalent of acetic acid in the formiminotetrahydrofolic 
acid preparation is only a postulated value. This was not 
checked by direct analysis for acetic acid, but is consistent with 
the volatile acid content of tetrahvdrofolic acid preparations, 
reported above in the “Materials” section. 

Formiminotetrahydrofolic acid was stored at —20° either as a 
powder or in aqueous solution, and was stable for at least 6 
months. At 0°, on the other hand, the formiminotetrahydrofolic 
acid content of aqueous solutions decreased by 26 per cent in 22 
hours; at 26° the losses were 17 per cent in 1 hour and 40 per 
cent in 4 hours. Under these conditions a precipitate formed 
which had the spectral characteristics of 5,10-methenyltetra- 
hydrofolic acid. Before these solutions were used, the precipitate 
was removed by centrifugation, and the formiminotetrahydro- 
folie acid concentration of the supernatant solution was de- 
termined on an aliquot. In these experiments the formimino- 
tetrahydrofolic acid concentration was determined by measuring 
the absorption spectrum before and after the addition of excess 
Enzyme II. 

The relative rates of 5,10-methenyltetrahydrofolic acid forma- 
tion from formiminotetrahydrofolic acid, 5-formyltetrahydro- 
folic acid, and 10-formyltetrahydrofolic acid upon the addition 
of HCl are compared in Fig. 3. The rate of cyclization of the 
formiminotetrahydrofolic acid is much slower than that of 10- 
formyltetrahydrofolie acid, and is similar to that observed with 
5-formyltetrahydrofolie acid. 

These findings are similar to those presented in Fig. 1, in which 
the addition of acid in Experiment A caused a rapid increase in 
the optical density at 355 my, whereas the addition of acid in 
Experiment C caused a much slower increase. In Experiment 
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Fic. 3. Rate of formation of 5,10-methenyltetrahyvdrofolie acid 
from formiminotetrahydrofolice acid, 5-formyltetrahydrofolic acid, 
and 10-formyltetrahydrofolic acid in 0.12 N HCl. The rate of 
formation of 5,10-methenyltetrahydrofolic acid was determined 
by measuring the increase in optical density at 350 my at 25° in a 
recording spectrophotometer upon the addition of 0.02 ml. of 6 
x HCl to 1 ml. of a solution containing approximately 0.04 umole 
of the respective substrate in 0.05 m mercaptoethanol. 

At the conclusion of the experiment the various substrates were 
completely converted to 5,10-methenyltetrahydrofolic acid by 
immersing the cuvettes in boiling water for 55 seconds, followed 
by immediate cooling in ice. The total increase in the optical 
density at 350 mu, as compared with the zero time value, in these 
cuvettes was 1.06 for the cuvette with formiminotetrahydrofolic 
acid, 1.08 for 5-formyltetrahvdrofolic acid, and 0.97 for 10-formyl- 
tetrahydrofolic acid. 
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Fig. 4. Stability studies on formiminotetrahydrofolie acid, 10- 
formyltetrahydrofolic acid, and 5-formyltetrahydrofolie acid in 
oxygen and in helium. The various compounds without mercap- 
toethanol were incubated in 0.16 m potassium phosphate buffer, 
pH 7.1, at 0° in test tubes, through which O. (@) or He (O) was 
passed. Periodically, a 0.2-ml. aliquot was added to 0.8 ml. of 
0.1 M mercaptoethanol, and the spectrum was immediately re- 
corded. Tothe cuvette 0.1 ml. of 6 N HCl was added; the mixture 
was then heated in a boiling water bath for 55 seconds and cooled 
in ice. The spectrum was recorded again and corrected for the 
dilution resulting from the HCl addition. The increase in optical 
density at 350 my upon acidification is plotted in the figure against 
time of exposure to oxygen or helium. 


A, 10-formyltetrahydrofolic acid was formed by the successive 
action of Enzymes I, II, and ILI; this was rapidly cyclized to 
5,10-methenyltetrahydrofolic acid when HCl was added. In 
Experiment C, on the other hand, formiminotetrahydrofolic acid 
accumulated, since Enzyme II was omitted. In contrast to the 
10-formyltetrahydrofolic acid of Experiment A, this was only 
slowly evclized upon the addition of HCI. 

These data on the rate of cyclization in acid suggested that the 
formimino substitution was on the 5-position, rather than the 
10-position, of the tetrahydrofolie acid. The spectrum of 
formiminotetrahydrofolie acid (Fig. 2, ---—) also suggested this 
position, since this spectrum is very similar to that observed (33) 
for 5-formyltetrahydrofolic acid (Fig. 2, A). The spectrum of 
10-formyltetrahydrofoliec acid (not shown in Fig. 2) was con- 
siderably different with a peak at approximately 258 mu. 

Further evidence for a substitution in the N-5 position was 
supplied by the stability of formiminotetrahydrofolic acid in 
oxygen (Fig. 4). Previous work had demonstrated that 5- 
substituted tetrahydrofolic acid derivatives and other 5-sub- 
stituted tetrahydropteridines were not easily oxidized, in con- 
trast to the marked oxygen-lability of either the unsubstituted 
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TABLE III 


Formation of L-glutamic acid, acid-labile ammonia, and 
formiminotetrahydrofolic acid in Step 1 


The incubation mixture contained 64 ywmoles of sodium for- 
miminoglutamate, 42 uwmoles of sodium tetrahydrofolate (contain- 
ing 1.2 mmoles of mercaptoethanol), 550 units of dialyzed Enzyme 
I, and 0.72 ml. of 0.5 m triethanolamine sulfate buffer, pH 6.7, in 
a final volume of 4.0 ml. Control incubation mixtures contained 
the same components except for the omission of either sodium 
formiminoglutamate or sodium tetrahydrofolate. Control val- 
ues have been subtracted from all of the results presented. All 
values have been expressed as ymoles per 4 ml. 

After 25 minutes at 25° the mixtures were cooled in ice, and ali- 
quots were immediately taken for determination of the optical 
density at 355 my and for the assay of free ammonia by the Amber- 
lite XE-64-K* method described under ‘‘Methods.’’ 

The remaining solution was treated with 0.1 volume of 6 N 
HCl in the cold. After 15 minutes an aliquot was neutralized to 
approximately pH 5, and placed in Warburg vessels for L-glutamic 
acid determinations by the glutamic decarboxylase method of 
Meister et al. (34). 

The rest of the acidified solution was incubated for 6 hours at 
room temperature; at the end of this period determinations of the 
optical density at 350 my and of ammonia were repeated to give 
the acid-labile values. 


Before acid After acid 
treatment treatment 
pumoles umoles 
5-10-Methenyltetrahydrofolic acid... .. 1.0 20.8* 


* The increase in the concentration of 5,10-methenyltetrahy- 
drofolic acid after acidification represents the amount of formim- 
inotetrahydrofolic acid present. 

+ No assays with glutamic decarboxylase were carried out be- 
fore acidification; however, aliquots of the incubation mixture be- 
fore acidification were chromatographed on Whatman No. 1 paper 
in t-butanol 70, H2O 15, and formic acid 15, as previously described 


(3, 28). Ninhydrin-reactive material was detected with an Rp 
of 0.37, corresponding to authentic glutamic acid. 
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Fic. 5. Effect of added glutamic acid on the formation of 
formiminotetrahydrofolic acid from formiminoglutamic acid, tet- 
rahydrofolic acid, and Enzyme I. The incubation mixture con- 
tained 400 umoles of triethanolamine sulfate buffer, pH 6.71; 0.28 
umole of tetrahydrofolic acid; 0.4 umole of sodium formiminogluta- 
mate; 58 units of Enzyme I, and 300 umoles of mercaptoethanol, in 
a total volume of 4m]. At various intervals, a 0.3-ml. aliquot was 
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or the 10-substituted tetrahydrofolic acid (29, 30). In the 
experiment reported in Fig. 4, the stability of formiminotetra- 
hydrofolic acid, 10-formyltetrahydrofolic acid, and 5-formy]- 
tetrahydrofolic acid was measured in oxygen and in helium. At 
various times aliquots were taken for measurement of the optical 
density at 350 my immediately and after heating with HCl. 
Since the increase in optical density at 350 my after the acid 
treatment was due to the 5,10-methenyltetrahydrofolic acid 
formed from the respective tetrahydrofolic acid derivatives, this 
value was used as a measure of these compounds. As indicated 
in the figure both formiminotetrahydrofolic acid and 5-formy]- 
tetrahydrofolic acid were stable in helium and in oxygen. 10- 
Formyltetrahydrofolic acid was stable in helium but was labile 
in oxygen. 

These experiments indicate that the formimino substitution is 
on the 5-position of the tetrahydrofolic acid. The data, how- 
ever, do not exclude a saturated ring structure of the tvpe 


HC 


The findings reported here on the properties of formiminotetra- 
hydrofolic acid are essentially the same as those found by Rabino- 
witz and Pricer (20, 21) with formiminotetrahydrofolie acid 
prepared with formiminoglycine, tetrahydrofolic acid, and the 
formiminoglycine formimino-transferase. 

Formation of Glutamic Acid and Acid-labile Ammonia in Step 
1—Data are presented in Table III on the formation of both 
formiminotetrahydrofolic acid and glutamic acid in Step 1. 
After acid one equivalent of ammonia was released from the 
formiminotetrahydrofolic acid. 

Reversibility of Step 1—The reversibility of Step 1 was demon- 
strated in two ways. The data of the first type of experiment 
are presented in Fig. 5. The first portion of the curve shows the 
formation of formiminotetrahydrofolic acid from formimino- 
glutamic acid and tetrahvdrofolic acid. This reaction does not 
reach completion under these conditions but stops at an equi- 
librium value, as shown by the dotted line. Upon addition of 
excess L-glutamic acid, the reaction was reversed, and most of 
the formiminotetrahydrofolic acid disappeared. Formimino- 
tetrahydrofolic acid was again formed when excess formimino- 
glutamic acid was added to the reaction. In comparable 
experiments no reversal was noted when aspartic acid or glycine 
was added instead of glutamic acid. 


5—Continued. 


added to 0.8 ml. of 0.75 Nn HCl, heated at 100° for 55 seconds, and 
cooled in ice. The optical density was then determined at 355 
my. At the times indicated by the arrows either 4 umoles of L- 
glutamic acid or 5 wmoles of sodium formiminoglutamate were 
added to the remaining reaction mixture. The reference mixture 
was similarly treated except for the omission of formiminoglu- 
tamic acid and of enzyme. The data presented in the figure have 
been expressed as umoles per ml. and have been corrected for the 
dilution (3 per cent) caused by the glutamic acid and formimino- 
glutamic acid additions. The open circles represent data from 


another incubation mixture to which glutamic acid was not added. 
Since the concentration of tetrahydrofolic acid was limiting, 100 
per cent conversion would have produced 0.07 umole of formimino- 
tetrahydrofolic acid per ml. 
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The reversibility of Step 1 was shown more directly by the 
formation of tetrahydrofolic acid and of formiminoglutamic acid 
from formiminotetrahydrofolic acid in the presence of Enzyme I; 
glutamic acid was required for this reaction (Table IV). The 
assay for tetrahydrofolic acid depended on the reactivity of this 
compound in the Bratton-Marshall test for arylamines, owing to 
its conversion to p-aminobenzoylglutamate under the conditions 
of the Bratton-Marshall assay (26, 27, 35, 36). The formation 
of formiminoglutamic acid was demonstrated (Table IV, foot- 
note) by carrying out the reaction in the presence of L-glutamic 
acid-C and isolating the formiminoglutamic acid-C™ by Dowex 
50 chromatography. 

_ The data in Table IV on the reversal of Step 1 indicated an 
equilibrium constant of 0.8 on the basis of the isotope data and 
2.3 to 2.6 on the basis of the tetrahydrofolic acid assays. The 
data of Table V on the formation of formiminotetrahydrofolic 
acid from formiminoglutamic acid and tetrahydrofolic acid 
indicated an equilibrium constant of 0.9. The variability in the 
different values for the equilibrium constant was probably due, 
at least in part, to the known instability and impurity of tetra- 
hydrofolic acid preparations, and, in part, to the fact that only 
one value in each set of equilibrium constant calculations was 
based directly on an experimental determination; the other 
values were calculated by difference. 

Effect of pH and of Salts on Activity of Enzyme I—The effect of 
pH on the activity of Enzyme I is shown in Fig. 6. 

The activity of Enzyme I was affected by the salt concentra- 
tions. A small stimulation was noted with low concentrations of 
KCl or NH,CI; larger concentrations inhibited. In one experi- 
ment, for example, carried out according to Assay A, the rate 
was 0.28 in 0.01 m sodium phosphate, pH 6.6. The rates in the 
presence of additional KCl or NaCl (30 umoles per ml.) were 
(0.40 and 0.34, respectively. In another experiment with a larger 
amount of enzyme the rate in 0.01 m sodium phosphate, pH 7.6, 
was 0.83. In the presence of added KCl the rates were 1.03 
(15 wmoles per ml.), 0.97 (30 umoles per ml.), 0.89 (100 umoles 
per ml.), and 0.50 (200 umoles per ml.). With added NH,Cl, 
(20 umoles per ml.) the rate was 1.24. Considerable inhibition 
was found with CaCl, (72 per cent at 0.1 a), MnCl, (98 per cent 
at 0.1 mM, 65 per cent at 0.01 m), ZnCl. (99 per cent at 0.01 ), 
and barium acetate (90 per cent at 0.1 m), when these salts were 
added to an 0.08 m triethanolamine buffer, pH 7.7. The in- 
hibitory effect of various inorganic cations at a 0.1 m concentra- 
tion was also reported by Miller and Waelsch (16) in their studies 
of the over-all formation of 10-formyltetrahydrofolic acid from 
formiminoglutamic acid and tetrahydrofolic acid. 

Specificity of Formiminoglutamic Acid Formimino-transferase 
(Enzyme I)—The enzyme purified from hog liver acetone powder 
was relatively specific for formiminoglutamic acid. Using Assay 
A no reaction was found when formiminoglycine was used as a 
substrate, and only a very small activity (0.09 per cent of the 
rate with formiminoglutamic acid) when formimino-L-aspartic 
acid was used. The formiminoglycine formimino-transferase of 
C. cylindrosporum (20), on the other hand, was active with 
formiminoglycine and showed no activity with formimino-1- 
glutamic acid.? 

A very low activity (0.06 per cent of the rate with formimino- 
glutamic acid) was noted when formy]-L-glutamic acid was used 
as the substrate with the purified liver enzyme. It is possible 
that this represents the same activity as that reported by Silver- 
man et al. (26) in hog liver which carried out the reaction: 
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TaBLe IV 


Tetrahydrofolic acid formation from formiminotetrahydrofolic acid 
and glutamic acid with formiminoglutamic acid 
transferase (Enzyme I) 


In Experiments A and B the indicated quantities of formimino- 
tetrahydrofolic acid and of glutamic acid were incubated with 25 
ug. of Enzyme I and 100 umoles of triethanolamine sulfate buffer, 
pH 6.7, in a final volume of 0.7 ml. After 10 minutes at 25° the 
incubation mixture was treated with the Bratton-Marshall rea- 
gents, and the quantity of diazotizable amine was determined. 
p-Aminobenzoylglutamic acid was used as the standard reference 
material. A similar experiment, carried out with a 20-minute in- 
cubation period, resulted in essentially identical amine produc- 
tion. The data have been corrected for the small quantity of 
Bratton-Marshall reaction (approximately 5 per cent) that was 
found with the formiminotetrahydrofolic acid preparations used. 
All results are expressed as umoles per 0.7 ml. of incubation mix- 
ture. 

In Experiment C the incubation conditions were essentially the 
same except for the use of uniformly labeled L-glutamic acid-C". 
After 15 minutes at room temperature aliquots were taken for 
diazotizable amine determination; at the same time aliquots were 
taken for Dowex 50 chromatography for the separation and de- 
termination of radioactive glutamic and formiminoglutamic acids 
(3, 10). 


| aciq | Formiminotetra- 
Experiment Enzyme I | acid acid — 

A 0.013 0.0005 

B 0.039 0.0008 

| + | 0.05 0.039 0.017 
| Ce 0.018 0.0072 

| + | 0.018 0 

| _ | 0.018 0.018 0 


* An aliquot of this incubation mixture was chromatographed 
on Dowex 50. The radioactive peaks due to glutamic acid and to 
formiminoglutamic acid were separated and represented 0.0085 
and 0.0096 zmole of each compound, respectively. Each peak was 
further identified by paper chromatography (28, 34) in ¢-butanol 
70, formic acid 15, and H2O 15, with standard glutamic and for- 
miminoglutamic acids. In the two control incubation mixtures 
without formiminotetrahydrofolic acid or Enzyme I, respectively, 
only radioactive glutamic acid was found on Dowex 50 chromatog- 
raphy with no evidence for any radioactive formiminoglutamic 
acid. 

In Experiment C the equilibrium constant 


(Formiminotetrahydrofolic acid)(Glutamie acid) 
(Formiminoglutamic acid) (Tetrahydrofolic acid) 


calculated on the basis of the isotopic data was 0.8. The equi- 
librium constant, calculated on the basis of the tetrahydrofolic 
acid formed was 2.3, 2.6, and 2.3 in Experiments A, B, and C, re- 
spectively. 


formyl-t-glutamic acid + tetrahydrofolic acid 5-formyl- 
tetrahydrofolic acid + L-glutamic acid. In Assay A, acid is 
added at the conclusion of the incubation period; this would 
cyclize any 5-formyltetrahydrofolic acid to 5,10-methenyltetra- 
hydrofolic acid. A slow enzymatic reaction between formyl- 
glutamic acid or formiminoaspartic acid and tetrahydrofolic 
acid has also been reported by Miller and Waelsch (16). 
Affinity of Enzyme I for Formimino-L-glutamic Acid and for 


7 
he 
a- 

At 

al 

1. 

id 
‘id 
11s 

()- 
ile 

iS 
w- 
ra- 

id 
he 
lep 
ith 

l. 
nt 
he 
10- 
ot 
ul- 

of 

of 
10- 

10- 

ble 

| 

339 

L- 
ere 
ure 
lu- 
ave 
the 
no- 
om 
100 
no- 

| 


1840 


TABLE V 
Equilibrium constant for Step I 

The incubation mixtures for experiments A to L contained so- 
dium formimino-L-glutamate and sodium tetrahydrofolate as in- 
dicated; 0.2 ml. of 0.5 M triethanolamine sulfate buffer, pH 6.7; 
73 pmoles of mercaptoethanol; and Enzyme I, 14.5 units per ml. 
Each mixture was incubated at 25° and at varying intervals a 0.3- 
ml. aliquot was added to 0.7 ml. of water plus 0.1 ml. of 6 N HCl 
and heated in a boiling water bath for 55 seconds. The optical 
density at 350 my was then measured. The reference cuvette 
contained an incubation mixture similarly treated except for the 
omission of the formiminoglutamate. With the amount of En- 
zyme I used, equilibrium was usually attained within 5 minutes. 
In several experiments addition of enzyme, formiminoglutamate, 
or glutamate at this point demonstrated that this was not an er- 
roneous equilibrium point resulting from inactivation of the en- 
zyme. The incubation mixtures in Experiments M and N were 
similar to those in Experiments A to L except for the addition of 
132 units of Enzyme I per ml. of incubation mixture and for the 
use of smaller aliquots in the assay procedure. 

The value for the optical density at 350 my after treatment with 
HCl was considered as representing 5,10-methenyltetrahydro- 
folic acid that had been formed from formiminotetrahydrofolic 
acid by the acid treatment. This reading at equilibrium, there- 
fore, was used to calculate the amount of formiminotetrahydro- 
folic acid that had been formed during the reaction; no correction 
was made for the small amount (estimated as <10 per cent) of the 
formiminotetrahydrofolic acid which had been converted to 5,10- 
methenyltetrahydrofolic acid during the incubation period before 
the HCl treatment. 

The values for the concentration of formiminotetrahydrofolic 
acid at equilibrium were used for calculation of the concentrations 
of formiminoglutamie acid, tetrahydrofolic acid, and glutamic 
acid at equilibrium. The tetrahydrofolic acid values listed in the 
table have been corrected for the enzymatically inert isomer pres- 
ent in the synthetic preparation (see the text, footnote 4). 

All of the data have been expressed as umoles per ml. 


Enzymatic Metabolism of Formimino-t-glutamic Acid 


Formiminoglutamic Tetrahydrofolic (Glutamic 
acid acid aci folic Ke 
Initial Final Initial Final Finalt Final 
A 0.098 | 0.058 | 0.071 | 0.031 | 0.042 | 0.04 0.9 
B 0.049 | 0.022 | 0.071 | 0.044 | 0.028 | 0.027 | 0.8 
C 0.049 | 0.020 | 0.071 | 0.042 | 0.030 | 0.029 1.0 
D 0.148 | 0.103 | 0.071 | 0.026 | 0.047 | 0.045 | 0.8 
E 0.197 | 0.148 | 0.071 | 0.022 | 0.052 0.049 | 0.8 
F 0.246 | 0.193 | 0.071 | 0.018 | 0.057 | 0.053 | 0.9 
G 0.098 | 0.060 0.071 | 0.033 | 0.040 | 0.088 | 0.8 
Ht 2.51 0.021 1.30 | 0.05 | 1.2 
I 0.246 | 0.194 | 0.071 | 0.019 | 0.056 | 0.052 | 0.8 
J 0.098 | 0.063 | 0.071 | 0.036 | 0.037 | 0.085 | 0.6 
K 0.098 | 0.058 | 0.071 | 0.031 | 0.042 | 0.040 | 0.9 
L 0.094 | 0.049 | 0.071 | 0.026 | 0.046 | 0.045 1.6 
M 9.4 5.7 7.0 3.3 3.8 3.7 0.8 
N 15.0 9.6 11.1 5.7 5.6 5.4 0.6 


*! (Formiminotetrahydrofolie acid)(Glutamic acid) 
(Formiminoglutamic acid) (Tetrahydrofolic acid) 


+ These values for glutamic acid include both the glutamic acid 
formed in the reaction and the small amount of glutamic acid 
(approximately 1.5 per cent) that was present in the formimino- 
glutamic acid preparation used in these experiments. 

t The data in Experiment H represent the final readings of the 
experiment presented in Fig. 5. 
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Fic. 6. Effect of pH on the activity of EnzymelI. The activity 
of Enzyme I was determined in various buffers according to Assay 
A; 0.27 unit of Preparation D was used. The pH values represent 
the final pH as determined electrometrically, with the use of paral- 
lel incubation mixtures which were not acidified. The ordinate 
represents the formiminotetrahydrofolic acid formed during a 2- 
minute incubation period, as measured by the optical density at 
350 my after acidification. 

The following symbols represent the buffers used, and their final 
concentration in the incubation mixtures. 

@ NaH2PO.-Na2zHPO, (0.01 m phosphate) + KCI (0.02 to 0.03 m) 
@ KH2PO.-K2HPO, (0.01 m phosphate) + KCI (0.02 to 0.03 m) 
M NaH2PO.-Na:HPO, (0.05 m phosphate) + KCl (0.02 m) 

A Na pyrophosphate-HCl (0.01 M pyrophosphate) + KCI (0.03 to 


0.05 m) 
< Borie acid-NaOH (0.01 m boric acid) + KCl (0.02 to 0.03 m) 
® Boric acid-KOH (0.01 m boric acid) + KCl (0.02 to 0.03 a) 


Tetrahydrofolic Acid—The effect of formimino-L-glutamic acid 
concentration on the activity of Enzyme I is presented in Fig. 
7; the K, value (Michaelis constant), as calculated from the 
Lineweaver-Burk plot (38), was 1.1 * 10>? moles per liter. 

The effect of tetrahydrofolic acid concentration is presented in 
Fig. 8; the A, value was | X 10-4 moles per liter. Higher 
concentrations of tetrahydrofolic acid inhibited the enzymatic 
rate, and this probably accounts for the deviations noted in the 
Lineweaver-Burk plot at low 1/S values. It is possible that 
this inhibition was due to the enzymatically inactive isomer of 
tetrahydrofolic acid. 

Under the conditions of Assay A, Enzyme I was inhibited 33 
per cent by 0.5 umole of Methotrexate, 83 per cent by 1 umole 
of Methotrexate, and 53 per cent by 0.5 umole of aminopterin. 

Tissue Distribution of Enzyme I—The distribution of Enzyme I 
activity in various tissue extracts is presented in Table VI. 


Step 2. Formiminotetrahydrofolic acid cyclodeaminase (Enzyme II) 


5-Formiminotetrahydrofolic acid + 


5,10-Methenyltetrahydrofolic acid + 


Formation of 5 ,10-Methenyltetrahydrofolic Acid and Ammonia— 
The activity of this enzyme in forming 5, 10-methenyltetrahydro- 
folic acid from formiminotetrahydrofolic acid has already been 
presented in Figs. 1 and 2. The formation of NH; by Enzyme 
II was demonstrated in the experiment presented in Table VII. 
One molar equivalent of NH3 was formed for each molar equiv- 
alent of 5,10-methyltetrahydrofolic acid produced. 

Stimulation by K+ and NH,+—Enzyme II was markedly 
stimulated by either KCI (Fig. 9) or by NH,Cl (Fig. 10). This 
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Fic. 7. Affinity of Enzyme I for formimino-t-glutamic acid. 
The enzymatic rate was determined according to Assay A, except 
for the addition of varying quantities of formimino-L-glutamic 
acid as indicated. Enzyme I, 0.005 ml. (Preparation E), was used 
at the higher substrate concentrations, and 0.005 ml. to 0.02 ml. 
at the lower substrate concentrations; the enzyme activity has 
been expressed as units per ml. of enzyme. The inset represents 
a Lineweaver-Burk (38) plot of the data. 
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Fig. 8. Affinity of Enzyme I for tetrahydrofoliec acid. The en- 
zymatic rate was determined according to Assay A, except for the 
addition of varying quantities of tetrahydrofolic acid as indicated 
and for the addition of mercaptoethanol to a final concentration of 
30 umoles per ml. Either 0.0] ml. or 0.02 ml. of Enzyme I (Prep- 
aration E) was used for each determination; the enzyme activity 
has been expressed as units per ml. of enzyme. 

An additional experiment was carried out with 2.9 umoles of 
tetrahydrofolic acid. Under these conditions the enzyme activity 
was 42 units per ml., indicating a small inhibition by the excess 
tetrahydrofolic acid solution. 


effect was due to the cation, since potassium acetate gave es- 
sentially the same results as KCl. No stimulatory or inhibitory 
effects were observed with sodium salts, even when these were 
added to mixtures containing KCl. The K, for K+ was ap- 
proximately 1.3 * 10-3 m; for NH,* the K,, was approximately 
18 x 10°% m. In other experiments (not presented in this 
figure) in which the effect of K+ or NH,* on the enzyme rate was 
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TaBLe VI 
Assays for Enzyme I and Enzyme III in various extracts 


One gram of tissue was homogenized for 1 to 2 minutes in a 
Lourdes multimixer with 5 ml. of 0.1 M potassium phosphate buf- 
fer, pH 7.2, at 0°. After 15 minutes at 0° the homogenate was 
centrifuged at approximately 20,000 X g, and the supernatant so- 
lution was assayed for Enzyme I and Enzyme III as described 
under ‘‘Methods.’’ No assays were carried out for Enzyme II, 
since, as indicated above, Enzyme II assays cannot be carried out 
easily in the presence of Enzyme III. 

Each value presented represents the result obtained on a single 
specimen of the particular tissue. 


Enzyme I Enzyme III 
Tissue 
Specific Specific 
activity activity 
units/ml. of units/ml. of 
Liver 
33.84 1.4 207 0.82 
See 11.2 0.34 4.5 0.14 
28.2, 43.4¢ | 0.94, 1.23 | 5.4, 8.1% | 0.18, 0.23 
Human?..... 8.82 0.23 5.3% 0.14 
20.82 0.73 6.2¢ 0.22 
17.1 0.48 23 0.65 
Mouse....... 27 . 52 0.77 14.4¢ 0.40 
25.3 0.87 7.9 0.27 
Guinea pig. . 24.4 0.79 32 1.04 
Kidney 
Rabbit... ... 0.48 | 0.04 3.2¢ 0.25 
0.38 | 0.02 1.6 0.10 
0.18 | 0.01 0.36 
6.6 0.60 2.2 0.20 
2.0 0.14 1.9 0.13 
Mouse....... 1.8 0.11 | 8.4 0.50 
6.0 0.50 | 5.0 0.41 
Guinea pig. . 1.8 0.27 3.4 0.35 
Spleen | 
Rabbit... 1.2¢ 0.09 
Mouse....... 0.11 0.006 2.8 0.16 
0. 0.008 3.9 0.23 
(juinea pig. . 1.9 0.10 
Pseudomonas? ¢ | 1.352 0.29 


* Noenzyme activity was found in a control incubation mixture 
using an extract which had been heated to 100° for 1 minute. 

’ Obtained post-mortem from a case of lymphatic leukemia, 
aged 55, from the Pathologic Anatomy Branch of the National 
Cancer Institute. These values, therefore, do not necessarily 
represent those found for normal human liver. 

¢ No Enzyme I detectable in 0.1 ml. of the extract. 

4 Pseudomonas fluorescens, ATCC #11299, grown on a histidine- 
containing medium (3, 37). Although this extract contained no 
detectable Enzyme I activity, it was able to degrade formimino- 
glutamic acid, as shown with another incubation mixture contain- 
ing 0.5 ml. of this extract and 2.5 wmoles of formiminoglutamic 
acid per ml. The concentration of formiminoglutamic acid was 
measured colorimetrically (25), and it was found that 1.5 wmoles 
were degraded in 5 minutes. 


measured in parallel experiments using identical enzyme con- 
centrations. essentially the same Vinax values (within 20 per cent) ' 
were found with both cations. As indicated in the next section, 
the effect of K+ and NH,* appeared to be mainly on the enzyme- 
substrate affinity. 
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TABLE VII 


Formation of ammonia by cyclodeaminase (Enzyme II) from 
formiminotetrahydrofolic acid 


The experimental incubation mixture contained 0.5 ml. of po- 
tassium maleate buffer (pH = 6.94, containing 430 wmoles of K); 
0.51 umole of formiminotetrahydrofolic acid; 5umoles of mercapto- 
ethanol; and Enzyme II, 0.4 unit, in a final volume of 2.5 ml. 
Control incubation mixtures were also set up without formimino- 
tetrahydrofolic acid or without enzyme. Before their use both 
the formiminotetrahydrofolic acid and the enzyme solutions were 
treated with Amberlite X E-64-K* to remove most of the ammonia 
in these preparations. 

After 12 minutes, aliquots were taken for determination of 5,10- 
methenyltetrahydrofolic acid and of free ammonia, essentially as 
described in Table III. These values are presented below, ex- 
pressed as umoles per 2.5 ml. 


,10 Methenyltet-) 
NHs 
pmoles pmoles 
Complete incubation mixture....... 0.50 0.55 
Control without formiminotetrahy- | 
Control without enzyme............ 0.11* | 0.11f 


* Essentially all of this value is due to the 5,10-methenyltetra- 
hydrofolic acid-contamination present in the formiminotetrahy- 
_ drofolic acid preparation, as determined in an assay at zero time. 
+ 0.03 umole in a zero time sample. 


0.400 — 
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K Cl (uz moles /ml.) 


Fia. 9. Effect of K* addition on the activity of cyclodeaminase 
(Enzyme II). The incubation mixture contained (per ml.) 0.09 
pmole of formiminotetrahydrofolic acid; 100 uzmoles of triethanola- 
mine sulfate buffer, pH 6.7; 2 umoles of mercaptoethanol; 0.4 unit 
of Enzyme II; and KCl as indicated. The initial increase in the 
optical density at 355 mp was measured in the Cary recording 
spectrophotometer. The same increase in reaction rate was ob- 
served when potassium acetate was substituted for the KCl, or 
when the KCl was added after a 6-minute preincubation period. 

The inset represents a Lineweaver-Burk (38) plot of the data. 
In both this figure and Fig. 10 the 1/S values have been calculated 
on the assumption that the incubation mixture contained a blank 
of 0.25 umole of KCl] or NH,Cl per ml. before the addition of KCI. 
The points corresponding to 1/S values greater than 2 do not show 
on the insets, since they were beyond the limits of the figures. 
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Fig. 10. Effect of NH,* addition on the activity of cyclodeami- 
nase (Enzyme II). The conditions of the incubation were essen- 
tially the same as in Fig. 9, except for the use of 1 unit of Enzyme 
II and for the addition of NH,Cl instead of KCl. 
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Fia. 11. Effect of Kt on the affinity of Enzyme II for formimino- 
tetrahydrofolic acid. The reaction mixture contained formimino- 
tetrahydrofolic acid (previously neutralized with 1 m triethanola- 
mine) as indicated; 2 wmoles of mercaptoethanol; 0.25 unit of 
Enzyme II; and 0.2 ml. of 0.5 m triethanolamine sulfate buffer, 
pH 7.2; in a final volume of 1 ml. The ‘‘with KCl” mixture con- 
tained 0.05 ml. of 1 m KCl instead of 0.05 ml. of H2O. The initial 
increase in optical density at 355 my» was then determined in a 
recording spectrophotometer. The enzyme used had been dia- 
lyzed 18 hours against 100 volumes of 0.1 M triethanolamine sulfate 
buffer, pH 7.2, to remove Kt and NH,’*, although considerable 
inactivation occurred during the dialysis procedure. 

The data have been expressed as uwmoles per ml. (S) and as A 
optical density per minute (V). The inset represents a Line- 
weaver-Burk (38) plot of the same data. 


Effect of Formiminotetrahydrofolic Acid Concentration on En- 
zyme II—The effect of substrate concentration on the initial 
velocity of the cyclodeaminase reaction is shown in Fig. 11 with 
and without added KCl. As seen from the Lineweaver-Burk 
reciprocal plot in the inset, the effect of the K+ addition was 
greater on the K,, value than onthe Vmax. The addition of KCl 
decreased the K,, for formiminotetrahydrofolic acid from 17.5 X 
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m to 2.6 10-° m. The change in V,,,x from 0.12 to 0.28 
was much less, and may be within the errors of extrapolation. 

Under comparable conditions no cyclization was noted when 
5-formyltetrahydrofolic acid, 0.03 umole per ml., was used as the 
substrate in place of the formiminotetrahydrofolic acid. 

Inhibitory Effect of Tetrahydrofolic Acid on Cyclodeaminase 
(Enzyme II)—Under conditions that were similar to those of 
Fig. 11, with 0.11 wmole of formiminotetrahydrofolic acid as the 
substrate, the initial rates in the presence of 0, 3, and 30 umoles 
of KCl were 0.495, 0.775, and 1.23, respectively. When 0.14 
umole of sodium dl-tetrahydrofolate was added to comparable 
tubes, the respective rates were 0.102, 0.136, and 0.109, demon- 
strating inhibition by the tetrahydrofolic acid preparation used. 
The inhibitory effect was more marked in the experiments con- 
taining K+ than in those without K*. This may possibly be 
explained on the basis of a postulated increase in the K, in the 
presence of K* similar to that shown above for the A,, for 
formiminotetrahydrofolic acid. In considering the inhibition 
found with the tetrahydrofolic acid preparations, however, it is 
important to point out that these solutions contained both 
isomers of tetrahydrofolic acid, as well as several breakdown 
products resulting from the instability of tetrahydrofolic acid. 

Under the conditions of Assay D Enzyme II was inhibited 15 
per cent by 0.5 umole of Methotrexate and 49 per cent by 0.5 
umole of aminopterin. 

The effect of pH on Enzyme II activity was tested in potassium 
maleate buffers under the conditions of Assay C. The rates 
observed with increasing pH were as follows: pH 4.85, 0.145; 
pH 5.51, 0.271; pH 6.04, 0.370; pH 6.50, 0.432; pH 6.94, 0.459; 
pH 7.49, 0.515. The activity of the enzyme was not tested in 
more alkaline buffers, since, as discussed further below, the 
product of the reaction, 5,10-methenyltetrahydrofolic acid, was 
rapidly hydrolyzed in alkaline solutions. 


Step 3. Cyclohydrolase (Enzyme ITI) 
10-Formyltetrahvdrofolic acid + H* 


Nonenzymatic Interconversion of 5,10-Methenyltetrahydrofolic 
Acid and 10-Formyltetrahydrofolic Acid—Previous work has 
demonstrated that 10-formyltetrahydrofolic acid is rapidly con- 
verted to 5,10-methenyltetrahydrofolic acid at an acid pH (29, 
30). This has also been presented in Figs. 1 and 3 of this paper. 
In neutral and alkaline solutions, on the other hand, the cyclic 
form was hydrolyzed with the formation of 10-formyltetrahydro- 
folic acid. The rate of this hydrolytic reaction was markedly 
dependent on pH, as indicated in Fig. 12. 

As seen in Fig. 12 the nonenzymatic hydrolysis of 5,10- 
methenyltetrahydrofolic acid at a given pH was markedly af- 
fected by the nature and concentration of the buffers used. At 
pH 6.5, for example, hydrolysis was relatively slow in both 
triethanolamine sulfate (Fig. 12B) and potassium maleate (Fig. 
12C). The rate of hydrolysis was markedly increased, how- 
ever, in either phosphate (Fig. 124) or imidazole (Fig. 12C) 
buffers at the same pH. At more alkaline values the rate of 
hydrolysis was markedly greater. In other experiments a small 
increase in the hydrolysis rate at pH 7 in potassium maleate 
buffer was noted in the presence of 0.1 M ammonium sulfate, 
ammonium chloride, or ammonium acetate; no effect was found 
with added sodium chloride, sodium acetate, potassium chloride, 
or potassium sulfate. 
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Fig. 12. The effect of pH and buffers on the rate of the hydroly- 
sis (nonenzymatic) of 5,10-methenyltetrahydrofolic acid. The 
incubation mixture contained buffer, 5,10-methenyltetrahydro- 
folic acid (to give an initial optical density of 1.8 at 355 my), 5 
umoles of KOH (to neutralize the HCI in the 5,10-methenyltetra- 
hydrofolic acid preparation), 5 umoles of mercaptoethanol, and 
water to a final volume of 1 ml. The initial decrease in optical 
density at 355 mp was measured with the Cary recording spectro- 
photometer; the pH of the mixture was measured electrometri- 
cally. The following buffer mixtures were used for the buffer 
solutions: potassium phosphate, triethanolamine sulfate (TEA), 
imidazole acetate, potassium maleate, sodium pyrophosphate, and 
tris(hydroxvyaminomethane) hydrochloride (TRIS). The molari- 
ties listed represent the molarity of the indicated moiety in the 
final incubation mixture. 

In several similar experiments the rate of hydrolysis of 5,10- 
methenyltetrahydrofolic acid was measured in incubation mix- 
tures containing other salts (0.1 m) in addition to a potassium 
maleate buffer (0.1 m, pH 7.0). The various mixtures were all 
adjusted to pH 7. The following rates of hydrolysis were found: 
no addition, 0.024; NaCl, 0.022; NaAc, 0.032; K2SO, , 0.023; KCI, 
0.024; NH 0.043; (NH,4)250,, 0.052; NH,Cl, 0.041; imidazole 
acetate, 0.46; potassium phosphate, 0.15. 


Previous reports (29, 30) on the rapid hydrolysis of 5,10- 
methenyltetrahydrofolic acid at pH 7 were presumably due to 
the presence of phosphate ions. The low hydrolysis rate ob- 
served in either maleate buffers or in low concentrations of tri- 
ethanolamine buffers has permitted the studies with liver enzymes 
reported in this paper and the studies with the bacterial enzymes 
reported by Rabinowitz and Pricer (19, 20). 

Effect of pH on Equilibrium of Reaction: 5 ,10-Methenyltetra- 
hydrofolic Acid + HO = 10-Formyltetrahydrofolic Acid + Ht— 
As discussed above, the equilibrium of this reaction is toward 
cyclization in acid solution and toward hydrolysis in neutral and 
alkaline solution. At pH 5.7 the hydrolysis proceeds to ap- 
proximately 40 per cent of completion (Fig. 13), indicating an 
equilibrium constant of 2.4 x 10-% 

( = ) 


From this value the extent of hydrolysis at equilibrium at pH 7 
and 7.4 can be calculated as 93 and 97 per cent, respectively. 
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Fia. 13. Effect of pH on the equilibrium of the reaction (non- 
enzymatic) : 5,10-methenyltetrahydrofolic acid = 10-formyltetra- 
hydrofolic acid. The incubation mixture contained 1.2 ml. of the 
5,10-methenyltetrahydrofolic acid solution (containing approxi- 
mately 1.2 umoles of 5,10-methenyltetrahydrofolic acid, 120 umoles 
of HCl, and 120 umoles of mercaptoethanol), 120 wmoles of 0.2 N 
KOH, and 28 ml. of either 0.2 m K phosphate buffer or 0.3 m sodium 
acetate buffer in a final volume of 30 ml. Helium was constantly 
bubbled through the mixture. Periodically 1-ml. aliquots were 
mixed with 10 wl. of 14.3 Mm mercaptoethanol, and the optical den- 
sity at 355 mu was determined. As a control each cuvette was 
then treated with 0.1 ml. of 6 N HCl, and the increase in optical 
density at 355 my» was measured after at least 10 minutes. In all 
cases the optical density increased to the value found for a sample 
similarly treated at zero time (O.D. = 0.880); the rate of increase 
was similar to that shown for 10-formyltetrahydrofolic acid in 
Figs. 1 and 3. The pH listed for each curve represents the final 
pH for each incubation mixture, as determined with the glass 
electrode. 
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Fig. 14. Enzymatic and nonenzymatic hydrolysis of 5,10-meth- 
enyltetrahydrofolic acid, prepared either by chemical or enzy- 
matic procedures. In Experiment A, 0.4 ml. of a solution of 
5,10-methenyltetrahydrofolic acid (prepared from synthetic 5- 
formyltetrahydrofolic acid), containing 40 wmoles of HCl and 20 
umoles of mercaptoethanol, was diluted to 3 ml. and mixed with 
1 ml. of 1 mM K maleate buffer, pH 6.9, and 0.08 ml. of 0.6 n NH,OH 
(to neutralize the HCl in the 5,10-methenyltetrahydrofolic acid 
solution). The solution was immediately divided into two por- 
tions: to one portion 0.05 ml. (2.5 units) of a eyelohydrolase prep- 
aration was added. The decrease in optical density at 355 my 
was then measured periodically in each portion, using 0.2-ml. ali- 
quots in microcuvettes. The final pH of the incubation mixtures 
was 6.8. 

In Experiment B the procedure was essentially the same except 
that the 5,10-methenyltetrahydrofolic acid had been prepared by 
incubating 0.4 ml. of enzymatically prepared formiminotetrahy- 
drofolie acid with 10 wl. of 6 N HCl and 5 wl. of 14 mM mercapto- 
ethanol for 12 hours. 

All the procedures were carried out in an atmosphere of helium. 
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These values are essentially in agreement with that observed 
experimentally (Figs. 13, 14), as well as with a preliminary value 
for pH 7 presented by Osborn and Huennekens (39). The ex- 
perimental measurement of the extent of the hydrolysis at pH 7 
is somewhat inaccurate, however, because of the relatively small 
residual optical density at 355 my remaining after hydrolysis. 
The various calculations assume that 10-formyltetrahydrofolic 
acid has no absorption at 355 my and that no 5-formyltetra- 
hydrofolic acid was formed during the hydrolysis. 

Enzymatic Hydrolysis of 5,10-Methenyltetrahydrofolic Acid to 
10-Formyltetrahydrofolic Actd—The enzymatic and nonenzymatic 
hydrolysis rates at pH 6.8 were measured with 5, 10-methenyl- 
tetrahydrofolic acid which had been prepared by the cyclization 
of either chemically synthesized 5-formyltetrahyvdrofolic acid or 
enzymatically synthesized formiminotetrahydrofolic acid. As 
shown in Fig. 14A the enzymatic hydrolysis of the chemically 
synthesized material resulted in an immediate decrease in the 
optical density amounting to about 45 per cent of the total 
substrate; the optical density then continued to decrease at a 
much slower rate until it approximated that found with the 
nonenzymatic experiment. In contrast to these data the en- 
zymatic hydrolysis of the enzymatically prepared material (Figs. 
1 and 14B) proceeded immediately to the equilibrium value. 
Presumably only one isomer was present in the latter prepara- 
tions because of the optical specificity of the enzyme used in 
preparing formiminotetrahydrofolie acid from dl-tetrahydrofolic 
acid and formimino-t-glutamiec acid. These data are very 
similar to those of Rabinowitz and Pricer (20) who showed that 
eyclohydrolase from C. cylindrosporum hydrolyzed 50 per cent 
of chemically prepared 5,10-methenyltetrahydrofolic acid and 
100 per cent of the enzymatically prepared compound. 

Essentially no differences were observed (Fig. 144A and B) in 
the nonenzymatie hydrolysis of the chemically prepared and the 
enzymatically prepared 5,10-methenyltetrahydrofolic acid, since 
this would not be affected by the stereoisomerism. 

The ultraviolet spectrum of the compound formed by either 
the enzymatic or mepenaymatic hydrolysis of 5,10-methenyl- 
tetrahydrofolic acid was essentially the same as that reported 
for 10-formyltetrahydrofolic acid (29, 33). In both cases addi- 
tion of acid resulted in the reappearance of the 5,10-methenyl- 
tetrahydrofolic acid spectrum at the relatively rapid rate shown 
in Fig. 3 for 10-formyltetrahydrofolic acid. 

The effect of pH and of substrate concentration on the en- 
zymatic hydrolysis of 5,10-methenyltetrahydrofolic acid is 
presented in Figs. 15 and 16. The K,, for the enzymatically 
active isomer of 5,10-methenyltetrahydrofolic acid was approxi- 
mately 7.4 10-° moles per liter. 

Enzyme III was inhibited 43 per cent by 0.5 umole of Metho- 
trexate per ml. of incubation mixture and 69 per cent by 0.5 
umole of aminopterin. 

The distribution of evclohydrolase activity in various extracts 
is presented in Table 6. 

Enzymatic and Nonenzymatic Cyclization of 10-Formyltetra- 
hydrofolic Acid to 5,10-Methenyltetrahydrofolic Acid—As men- 
tioned above, it is well known (29, 30) that cyclization of 10- 
formyltetrahydrofolic acid to 5,10-methenyltetrahydrofolie acid 
occurs at an acid pH. The equilibrium data presented above 
indicated that some cyclization would occur even at a neutral 
pH. Experiments were carried out at pH 5.85, 6.6, and 7, 
demonstrating the reversal both nonenzymatically and en- 
zymatically (Fig. 17). The data for the experiments at pH 7 
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Fig. 15. Effect of pH on the enzymatic hydrolysis of 5,10- 
methenyltetrahydrofolic acid. The incubation mixture was the 
same as that described in the legend to Fig. 12 except for the addi- 
tion of 0.005 ml. of the cyclohydrolase preparation. The values 
presented have been corrected for the nonenzymatic hydrolysis 
determined simultaneously (cf. Fig. 12). No determinations are 
reported above pH 8.0 because of the very high rate of nonenzy- 
matic hydrolysis at a more alkaline pH. The buffers used were: 
©, 0.02 m potassium 3,3’-dimethylglutarate; @, 0.02 to 0.05 m 
potassium maleate; A, 0.1 m triethanolamine sulfate; A, 0.02 m 
Na pyrophosphate-HCl; and 0, 0.02 m Na glycylglycine. The 
values given represent the molar concentration of buffer in the 
final incubation mixture. The pH of each incubation mixture was 
determined at the conclusion of each experiment with a glass elec- 
trode. 
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Fig. 16. Effect of substrate concentration on the enzymatic 
hydrolysis of 5,10-methenyltetrahydrofolic acid. The enzyme 
activity was determined as described under ‘‘Methods,’’ except for 
varying quantities of substrate as indicated. Since only one-half 
of the 5,10-methenyltetrahydrofolic acid added was enzymatically 
active, only this portion has been used for the values listed on the 
abscissa and for the calculation of A,,. The inset represents the 
Lineweaver-Burk (38) plot of the data. 
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Fig. 17. Enzymatic and nonenzymatic conversion of 10-formy]- 
tetrahydrofolic acid to 5,10-methenyltetrahydrofolic acid at (A) 
pH 5.85 and at (B) pH 6.6. 10-Formyltetrahydrofolic acid was 
prepared immediately before use by incubating 0.2 ml. of 5,10- 
methenyltetrahydrofolic acid solution, containing 20 uwmoles of 
HCl, with 0.05 ml. of 14.3 m mercaptoethanol and 0.01 ml. of 5 N 
NaOH in a total volume of 3 ml. After 25 minutes at 25° the 
optical density at 355 my had decreased to <0.050. The following 
additions were then made and the optical density changes were 
measured at 355 my in a recording spectrophotometer. In Experi- 
ment A 0.2 ml. of potassium succinate buffer, pH 5.7 (0.5 m in 
succinate), 0.01 ml. of 6 N acetic acid, and Enzyme III as indicated 
were added. The final pH of the reaction mixture was 5.85. In 
Experiment B 0.2 ml. of potassium phosphate buffer, pH 6.2 (1 m 
in phosphate); 0.005 ml. of 6 N acetic acid; and Enzyme III as 
indicated were added. The final pH of the reaction mixture was 
6.62. In all cases the optical density measurements were made 
against a blank cuvette containing all of the additions except the 
5,10-methenyltetrahydrofolie acid solution, NaOH, and acetic 
acid. The final readings in Experiment A were made at 150 min- 
utes. 

Complete conversion of the 10-formyltetrahydrofolic acid to 
5,10-methenyltetrahydrofolic acid would have resulted in an 
optical density reading of 2.1. This value, after correction for 
further dilution, was obtained when 0.2 ml. of 6 N HCl was added 
to the cuvettes at the end of the experimental period, and the 
optical density measured after 10 minutes. 

A control experiment was also carried out at pH 5.8 in which 
heated Enzyme III was added. The resultant curve was essen- 
tially the same as that presented above for ‘‘no enzyme.”’ 


were not included in this figure, since only a relatively small 
amount of cyclization (approximately 11 per cent) occurred at 
this pH. In all of these experiments, as in the hydrolysis reaction 
presented above, the enzyme only catalyzed the cyclization of 
one of the isomers present. 

This demonstration that some 5,10-methenyltetrahydrofolic 
acid ean be formed from 10-formyltetrahydrofolic acid at a 
neutral pH is of particular interest in vibw of the recent report 
(39) that 5,10-methenyltetrahydrofolic ‘acid, rather than 10- 
formyltetrahydrofolic acid, participates in the hydroxymethyl- 
tetrahydrofolic acid dehydrogenase system. Since the activation 
of formate to 10-formyltetrahydrofolic acid is established (24, 
40), these data permit the formulation of the pathway from 
formate via 10-formyltetrahydrofolic acid to 5,10-methenyl- 
tetrahydrofolic acid. 

Comparison of Enzymes I, II, and III from Livers and from 
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Clostridium cylindrosporum Extracts—In collaborative experi- 
ments with Dr. J. C. Rabinowitz and Mr. W. Pricer, Jr. we com- 
pared the activities of Enzymes I, II, and III from liver with the 
analogous enzymes from C. cylindrosporum (20). 

Enzyme I from liver was most active with formimino-t- 
glutamic acid as a substrate, and can be considered as a formi- 
mino-L-glutamic acid formimino-transferase. The liver enzyme 
was inactive with formiminoglycine as the substrate. Enzyme I 
from C. cylindrosporum, on the other hand, was active with 
formiminoglycine as the substrate but was inactive with formi- 
minoglutamic acid. 

With either enzyme the product of Enzyme I activity was 
5-formiminotetrahydrofolic acid which could be cyclized by 
either liver Enzyme II or C. cylindrosporum Enzyme II to form 
5,10-methenyltetrahydrofolic acid. Likewise, the latter com- 
pound, prepared with liver enzymes or with the bacterial en- 
zymes, was hydrolyzed by Enzyme III from either liver or C. 
cylindrosporum to form 10-formyltetrahydrofolic acid. The 
specific activities (units per mg. of protein) of the enzymes from 
C. cylindrosporum were considerably greater than those observed 
with the comparable liver enzymes. Details on the enzymes 
from C. cylindrosporum will be published separately by Rabino- 
witz and Pricer. 
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SUMMARY 


Separate enzymes have been prepared which carry out the 
following three reactions. 

1. Formimino-t-glutamic acid + tetrahydrofolic acid = 5- 
formiminotetrahydrofolic acid + L-glutamic acid. 

2. 5-Formiminotetrahydrofolic acid — 5,10-methenyltetra- 
hydrofolic acid + NHs. 

3. 5,10-Methenyltetrahydrofolic acid + H,O = 10-formyl- 
tetrahydrofolic acid. 

Reaction 1 was catalyzed by formiminoglutamic acid formi- 
mino-transferase. This enzyme has been purified 700-fold from 
hog liver acetone powder, and was relatively specific for formi- 
minoglutamic acid. The product of this reaction was isolated 
by column chromatography, and partially characterized as 
5-formiminotetrahydrofolic acid. 

Reaction 2 was catalyzed by formiminotetrahydrofolic acid 
cyclodeaminase. This enzyme has been purified 700-fold from 
hog liver acetone powder, and was markedly stimulated by the 
addition of K+ or NH,*. 

Reaction 3 was catalyzed by the enzyme, cyclohydrolase, 
which was prepared from rabbit liver acetone powder. Data 
have also been presented on the reversibility of this step, as well 
as on the effects of pH and salt concentration on the rate and 
equilibrium of the reaction. 
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Goitrin, a strongly antithyroid principle, has been found in 
the seeds of plant foods, of which cabbage seed is an important 
source. Astwood et al. (1) have isolated it from the roots and 
seeds of turnip, 0.12 to 1.0 gm. per kg., and from the seeds of 
cabbage, kale, and rape. They determined its structure, Formula 
J, and properties. It was synthesized later by Ettlinger (2). 


HAC NH 
H,.C=C—C C=sS 
wee 
H 
O 
(I) 
(Goitrin) 
Formvu.ta I 


Raciszewski et al. (3) have recently isolated it from rapeseed 
oilmeal, 2 to 4 gm. per kg. 

In 1950, Greer (4), in his review, stated that cabbage has never 
yielded so much as a trace of this material from its leaves, even 
by spectrophotometric analysis. He added that the compound 
has been identified in small amounts in the seeds, but never in 
other parts of the plant. 

It is of interest, therefore, that, during the course of an inves- 
tigation of the non-steam-distillable isothiocyanates present in 
the aqueous extracts of fresh cabbage leaves (5), a few crystals 
of a substance with melting point and properties resembling 
goitrin were isolated. Furthermore, the ultraviolet absorption 
spectra of a number of other cabbage extracts revealed traces of 
a material which absorbed in the region near the maximum of 
goitrin, 240 my, (1) and gave positive paper chromatographic 
evidence of its presence. These observations, supported by the 
knowledge that goitrin is present in cabbage seeds, led to the 


* Presented at the 134th National Meeting of the American 
Chemical Society, Chicago, Illinois, September 12, 1958. 

t While this manuscript was in preparation, a note by A. I. 
Virtanen, M.: Kreula, and M. Kiesvarra (Acta Chem. Scand., 12, 
580 (1958)), appeared which stated, without experimental evi- 
dence, that considerable amounts of vinyl thiodxazolidone had 
been found in cabbage. 

1This nomenclature conforms with previous publications. 
Goitrin has also been named, (—)-2-thio-5-vinyl-1:3-oxazolidone 
and (—)-5-vinyl-2-oxazolidinethione. 


isolation and identification of goitrin from fresh cabbage leaves 
as described in this paper. 


EXPERIMENTAL 


Since it was expected that the goitrin content of cabbage vari- 
eties might vary (4, 6, 7), a 160-pound batch of seven different 
varieties of cabbage,? Brassica oleracea var. capitata, was proc- 
essed. These included Baby Head, Golden Acre Special, Wis- 
consin Golden Acre, Golden Acre (Early Detroit), Small Danish, 
Bonanza, and Badger Market in approximately equal amounts. 

Some preliminary experiments were performed to determine 
the most suitable conditions for isolating the goitrin with the 
minimal possible loss. The optimal procedure was a modifica- 
tion of that described by Astwood et al. (1). The following 
changes were found necessary: (a) heating the syrup above 60° 
was avoided because of loss of part of the vinyl thiodxazolidone, 
(6) a ratio of ten parts of solvent to one of syrup was needed to 
reduce serious emulsion formation during the extractions, and 
(c) extraction with chloroform (8) in addition to that with ether 
was required since this solvent was found to be a better extract- 
ant for goitrin than ether. The yield of goitrin in the residue 
from this procedure, estimated by spectrophotometric analysis, 
was 9.0 mg. 

Additional purification was achieved by extracting the residue 
from the Astwood procedure repeatedly with petroleum ether. 
This solvent removed the remaining impurities, leaving the pu- 
rified goitrin in the petroleum ether-insoluble portion. 
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Fig. 1. Ultraviolet absorption spectrum of cabbage fraction and 


pure goitrin. / = goitrin, 2 = cabbage fraction. The concentra- 
tion of each is 4 X 10-* gm. per |. based on total solids. 


2 The cabbage was grown at the Waltham Experiment Station, 
Waltham, Massachusetts, under controlled conditions and har- 
vested in July. It was obtained through the courtesy of Professor 
R. E. Young. 
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Fig. 2. Mass spectra of I-5-vinyl-2-thioéxazolidone and cabbage fraction. A = authentic goitrin. B = cabbage fraction. 


Instrumentation—The melting points were determined with a 
K6fler micro hot stage with magnification, 6 <x. For the ultra- 
violet absorption spectra, a Cary recording spectrophotometer 
model 11MS was used. 

The authors are indebted to Dr. C. Merritt, Jr., and Mr. M. 
Bazinet of our Mass Spectroscopy Laboratory for suggesting the 
use of mass spectrophotometric analysis and for providing and 
interpreting the mass spectral data. An analytical mass spec- 
trometer, model 21-103C, manufactured by Consolidated Elec- 
trodynamics Corporation of Pasadena, California, with a high 
temperature inlet system (9), operating at 200°, was used. 


The samples were admitted to the spectrometer under identical 
conditions through a molten indium inlet valve. 


RESULTS AND DISCUSSION 

The minute amount of crystals obtained as a by-product of 
our cabbage flavor research (5) as a fortuitous discovery had a 
melting point of 49-50 (uncorrected) (46-48° (3), 50° (1), and 
50-50.5° (2) are melting points reported for /-5-vinyl-2-thio6xa- 
zolidone) and a mixed melting point with pure goitrin which 

3 d-5-Vinyl-2-thioéxazolidone has been reported to have a mp. 
50-51°; the dl-compound melts at 64-65° (2). 
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showed no depression. These crystals gave positive tests for a 
thione, >C=S, group with Grote’s (10) and sodium azide-iodine 
(11) reagents, and showed birefringence upon microscopic exam- 
ination. 

The residual oil, left after exhaustive petroleum ether extrac- 
tion, gave a well defined ultraviolet absorption spectrum with a 
single absorption maximum at 240 my and a minimum at 222 
mu. This spectrum is compared with that for pure goitrin in 
Fig. 1. 

Additional evidence for the presence of goitrin was found by 
paper chromatography. Since Grote’s reagent proved to be un- 
satisfactory because of the instability of the spot and its low 
sensitivity (30 ug. per spot), starch (12) and sodium azide-iodine* 
(13) sprays, applied successively, were used. The latter vielded 
spots with a high degree of stability and a sensitivity of 1 ug. 
per spot. Utilizing this technique and prewashed chromato- 
graphic paper, a distinct white area against a pale blue back- 
ground was obtained with a purified cabbage extract in a chloro- 
form-water system (14). The Rp, value® of this spot was 1.20, 
identical with that for pure dl-5-vinyl-2-thioéxazolidone.? In a 
second chromatographic ascending system, with benzene-etha- 
nol-water in the ratio of 5:1:2,5 another cabbage fraction gave 
a clearly defined white spot. The Rp, values of the fraction, 
1.24, and the known goitrogen, l-5-vinyl-2-thiodxazolidone,® were 
identical. 

The compound has been identified unequivocally by compari- 
son of the mass spectrum of the purest fraction isolated from the 
cabbage leaves with the mass spectrum of l-5-vinyl-2-thioédxazoli- 
done. No previous mass spectrometric examination of this com- 
pound has been found in the literature. The spectra are shown 
in Fig. 2, Curves A and B, respectively. Slight discrepancies in 
peak intensity may be noted at mass numbers 43 and 44. The 
increased intensity of these peaks in the spectrum of the cabbage 
fraction can be attributed to impurities. However, several peaks 
are seen which are unique in the spectrum of the vinyl thioéxa- 
zolidone. Among these are the mass numbers 26, 27, 39, and 
96, and the groupings of peaks from 50 to 55, 60 to 62, 68 to 70, 
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85 to 87, and 112 to 114. The molecular ion peak, mass number 
129, and the doubly charged ion peak at 25.5 are particularly 
significant. 

Although the fraction examined was known to be impure, from 
spectrophotometric evidence, the mass spectrum shown in Fig. 
2 is practically free of interference from peaks due to impurities. 
This is a fortuitous circumstance, a result, undoubtedly, of the 
fact that the impurities in the sample which accompany the thio- 
6xazolidone are not volatile at the temperature used in the inlet 
system. The remarkable correspondence of the spectrum of the 
unknown with that of the known compound leaves no doubt as 
to the identity of l-5-vinyl-2-thio6xazolidone in the fraction de- 
rived from fresh cabbage leaves. 

The amount of goitrin present in the edible portions of the 
plants investigated was estimated to be one part in eight million, 
a quantity which is probably negligible in practical nutrition. 

SUMMARY 

Goitrin, a strongly antithyroid compound, previously found 
in seeds, has now been obtained from fresh cabbage leaves in 
very small amounts and has been identified by the following 
properties. 

1. The melting point of a micro amount of crystals agreed 
with that of /-5-vinyl-2-thiodxazolidone, and a mixed melting 
point with authentic goitrin gave no depression. 

2. The ultraviolet absorption spectrum revealed a single ab- 
sorption maximum at 240 my and a minimum at 222 my con- 
sistent with those given by pure goitrin. 

3. The flow rates obtained from two different solvent systems 
in paper chromatography agreed with those of authentic goitrin. 

4. Goitrin derived from fresh cabbage has been identified un- 
equivocally by comparison of its mass spectrum with that of 
l-5-vinyl-2-thiodxazolidone. 
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Mutant strains of Penicillium chrysogenum have been produced 
(1) that form much more penicillin than wild strains. In another 
report (2) the authors have shown that a major contribution to 
the enhanced ability of the high yielding strains to produce 
penicillin is their greater capacity to utilize inorganic sulfate. 
This enhanced utilization of sulfate results in an enhanced excre- 
tion of sulfur compounds, among which are the penicillins. 

Behrens et al. (3) have shown that the addition of substances 
which can function as R-group precursors (notably phenylacetyl 
compounds) to the fermentation may result in a marked increase 
in the yield of penicillin. When a phenylacetyl compound was 
used as a precursor, almost all of the penicillin produced was 
benzylpenicillin. With high yielding mutant strains, we have 
found (2) that addition of R-group precursor increased penicillin 
production 3- to 4-fold, but did not increase the uptake of in- 
organic sulfur. The increase in penicillin synthesis took place 
at the expense of other organic sulfur compounds excreted by 
the mold. 

It was therefore decided to investigate the distribution of 
sulfur compounds in the penicillin fermentation and to study 
the effect of precursor addition on this distribution. 


EXPERIMENTAL 


Fermentation Methods—The culture usually employed in these 
investigations was P. chrysogenum 51-20F3. This strain is a 
high penicillin yielding, pigmentless mutant strain which was 
isolated by Backus and Stauffer (1). The low yielding strain 
NRRL1951-B25, from which strain 51-20F3 is descended, was 
generally used when a comparison between a high and a low 
yielding strain was desired. Other strains used have been de- 
scribed elsewhere (2). 

Penicillin fermentations were carried out in a chemically 
defined medium consisting of glucose, lactose, acetate, lactate, 
and salts. It contained a known amount of sulfur as sulfate 
(usually 6.78 umoles per ml. of medium). Carrier-free S*5O,- 
was added to each fermentation (usually 0.1 to 0.5 mc. per 100 
ml. medium). The fermentations were carried out as described 
previously (2) in 500-ml. Erlenmeyer flasks. Each flask con- 
tained 100 ml. of medium. 

Analytical Methods—The methods by which the fermentation 
broths were analyzed for total sulfur and organic sulfur have 
been described previously (2). Briefly, the radioactivity present 
in the sample of broth was determined before and after precipita- 
tion of sulfate by the addition of excess barium chloride in the 
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presence of carrier sulfate. The residual radioactivity after 
precipitation was a measure of the organic sulfur present in the 
sample. A Geiger-Miiller thin window counter was used in all 
radioactivity determinations. 

Penicillin was determined by an 18-hour cup-plate assay with 
Micrococcus pyrogenes var. aureus. 

Chromatographic Procedures—Eaton-Dikeman No. 613 paper 
strips (4 inch wide) were used in one-dimensional chromatograms 
for the analysis of broths and isolates. The penicillin chroma- 
tographic system used was the Brewer and Johnson (4) modifica- 
tion of the method of Karnovsky and Johnson (5). The constant 
level device was omitted. The pH adopted was 6.0. The sol- 
vent was prepared by equilibrating 1 1. of peroxide-free ether 


with 500 ml. of a 28 per cent (weight per weight) solution of | 
The upper (ether) layer was used | 


ammonium sulfate in water. 
as developing solvent. 


The ethanol-butanol-water chromatogram was carried out in | 


a manner similar to the penicillin chromatograms, with some 
modifications. A mixture of 90 ml. of ethanol (95 per cent) and 
10 ml. of n-butanol was equilibrated with 50 ml. of a 28 per cent 
(weight per weight) solution of ammonium sulfate in water. 


Equilibration of solvent with ammonium sulfate solution re- | 


sulted in crystallization of the salt with the formation of a single 
liquid phase, which was used as the developing solvent. 


described by Brewer and Johnson (4). 
After development, the strips were dried in air and counted 


with a thin window counter through a quarter-inch slit in a | 
metal shield. The strips were pulled through the counter 


mechanically at a speed of 2 inches per hour. The count rate 


(400-second time constant) was recorded continuously, giving 4 | 


record of the S* distribution on the chromatographic strip. 
Since the specific activity of all sulfur compounds in a fermenta- 
tion was the same as the known specific activity of the sulfur 
added to the medium, the area under any chromatographic peak 
on the recorder chart was proportional to the absolute quantity 
of sulfur compound present. Therefore, by the use of a standard, 
the chromatographic record could be used as a quantitative 
determination of each of the compounds separated by the 


chromatogram. A convenient standard is an aliquot from the 


fermentation flask taken at the time of inoculation. 


RESULTS 


Distribution of Sulfur Compounds in Broth and Mycelium—lt | 
was decided to investigate the distribution of sulfur compounds — 


in the broth of fermentations of the high yielding mutant strain 


51-20F3 in the presence and absence of R-group precursor) 


1850 


The 
paper strips were buffered at pH 5.0 with potassium citrate as | 
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(phenylacetate). Initial studies with the chromatographic sys- 
tem of Brewer and Johnson (4) showed that the addition of 
phenylacetate during the penicillin-producing phase of the fer- 
mentation (24 to 96 hours) resulted not only is the disappearance 
of 2-pentenyl-, amyl-, and heptyl-penicillins with the appearance 
of benzylpenicillin, but also in a considerable reduction in the 
amount of organic sulfur that remained at the origin of the 
chromatogram. These changes were accompanied by an increase 
in the quantity of sulfur converted to benzylpenicillin. These 
results are shown in Fig. 1. 

In this chromatographic procedure the penicillins are separated 
but more polar sulfur compounds remain at the origin. These 
may be separated by the ethanol-butanol-water system. 

When the broth was analyzed with this system, the distribu- 
tion of sulfur compounds shown in Fig. 2 was obtained during 
the penicillin-producing phase. The relative quantities of the 
various compounds are given in Table I. With this system the 
R, value for all penicillins formed by the mold is almost 1. This 
was shown by the use of the bioautographic procedure of Kar- 
novsky and Johnson (5). A single zone of inhibition was ob- 
served near the front of the chromatogram. Furthermore, 
penilloic and penicilloic acids of the penicillins formed under the 
conditions of the fermentation have very high Rp values, since 
treatment of the broth with penicillinase until the bioactivity 
was destroyed caused no reduction in the area of the peak at the 
front. Also, conversion of the penicilloic acids to penilloic acids, 
by treatment of the penicillinase-inactivated broth with dilute 
HCl, did not greatly reduce the area of the peak at the front. 
As can be seen from Table I, a considerable amount of a com- 
pound (Compound VI) at Rr 0.5 was formed in the absence of 
precursor. When precursor was added, very little of this com- 
pound, but much more penicillin, was formed. That the in- 
crease in the size of the peak at Rr 0.8 to 1.0 was due to penicillin 
was established by bioassay. 

Compound VI is apparently not a penicillin since bioauto- 
graphic analysis showed no antibiotic activity at Rr 0.5 to 0.6 
on the ethanol-butanol-water system. Furthermore, it does not 
appear to be a simple degradation product of the penicillins since 
it is not produced on degradation of penicillins with penicillinase 
and under mild acid and alkaline conditions. It is apparently 
unaffected by the action of both penicillinase and dilute acid. 
Also, the fact that the addition of R-group precursor inhibits the 
production of Compound VI suggests that is is either a bio- 
synthetic precursor of penicillin, or that it is in some way related 
to such a precursor. Subsequent experiments suggest that 


__ Compound VI is indeed a stabilization product of a biosynthetic 


precursor to penicillin. 

Compound VI was excreted by several other high yielding 
mutant strains of P. chrysogenum when no precursor was added 
to the fermentation. However, with one exception, it was not 
detected in the broth of any of the low yielding strains which 
were examined in this way. All strains used in earlier studies 


_ (2) were examined for the production of Compound VI. 


Neither Compound VI nor any of the penicillins was detected 
in mycelial extracts of strains 51-20F3 or NRRL1951-B25. 

Estimation of Compounds Yielding Penicillamine with Mercuric 
Chloride—When penicillins, penicilloic and penilloic acids react 
with mercuric chloride under certain conditions, the thiazolidine 


ring structure is opened and the mercuric chloride derivative of 
penicillamine is precipitated (6). 


A comparison of the total 
amount of sulfur converted to penicillamine by reaction with 
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NO PRECURSOR ADDED 


F FHo K 


PRECURSOR ADDED 


RADIOACTIVITY 


A 


1.0 


0.5 
Rf 

Fic. 1. Chromatography of organic sulfur compounds in fer- 
mentation broths. Conditions are given in the text. Samples for 
chromatography were taken from 84-hour fermentations on a 
medium containing S*-sulfate as the sole source of sulfur. Po- 
tassium phenylacetate was used as precursor. In the figure, G, 
F, FH:, and K designate benzyl, 2-pentenyl, amyl, and heptyl 
penicillins, respectively. 


0.0 


NO PRECURSOR ADDED 


RADIOACTIVITY 


A A. 


1.0 


Rf 
Fic. 2. Chromatography of organic sulfur compounds in fer- 
mentation broths. These chromatograms were developed with 
the ethanol-butanol-water system described in the text. The 
conditions used in these experiments have been described under 
Fig. 1. 


mercuric chloride (thiazolidine sulfur) and the amount of sulfur 
present in the broth as penicillin (calculated from the bioassay) 
would show the quantity of sulfur present in the broth as com- 
pounds which have a penicillin-like structure but are not bioac- 
tive. These substances would include degradation products and, 
possibly, biosynthetic precursors of penicillin. 
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TABLE I 
Distribution of sulfur compounds in fermentation 
broths of P. chrysogenum 51-20F3 
Sulfur per ml. of fermentation) 
Peak broth at 84 hours* 
No. Rr Nature of compounds 
No precursor With precursor 
pmole pmole 
0 | 0.0 0.15 0.08 
I | 0.05 0.00-0.02 | 0.00-0.01 
II | 0.11 0.03 0.03 Cystine or cystine oxi- 
dation productsf 
III | 0.26 0.11 0.03 
IV | 0.30 0.05 0.04 
V | 0.38 0.08 0.02 CysteineT 
VI | 0.50 0.26 0.03 
VII | 0.58 0.04 0.05 Methioninet 
VIII | 0.89-1.0 | 0.36 0.61 Penicillins, penicilloic 
and penilloic acids 


* The uwmoles of sulfur contained in each peak of the chromato- 
grams in Fig. 2 were obtained by measuring the area under each 


peak. 
+t The identity of compounds at Ry, 0.11, 0.38, and 0.58 with 


cystine (and cystine oxidation products), cysteine, and methio- 
nine, respectively, was suggested by cochromatography. The 
position of the added amino acid was detected by spraying the 
developed strip with ninhydrin. 


The procedure is outlined below and is a modification of the 
method described by Arnstein and Grant (7). 

A weighed quantity (500 to 1000 mg.) of the pure potassium 
salt of benzylpenicillin was dissolved in less than 150 ml. of dis- 
tilled water. A known volume of broth containing a known 
amount of radioactivity was added, and the solution was diluted 
to 150 ml. This dilution was necessary to prevent the free acid 
of benzylpenicillin from precipitating as a gum after the addition 
of sulfuric acid. Fifteen ml. of 1 N sulfuric acid were added, the 
solution was heated on a steam bath for 3 hours, and then cooled 
_to room temperature. The pH was adjusted to 6.0 with 5 Nn 


TABLE II 
Nature of sulfur compounds excreted by P. chrysogenum 51-20F3 


The fermentation to which no precursor was added was ana- 
lyzed at 90 hours, and that to which precursor was added was 
analyzed at 120 hours. 


Sulfur per ml. of fermentation 
broth 
With phenyl- 
With no 
added as 
precursor 
pmoles pmole 
0.82 0. 22 
0.96 0.42 
Total sulfur in peak VIIIf............ 1.12 0.50 
Total sulfur in peak VIf.............. 0.00 0.30 


* Thiazolidine sulfur is sulfur present in the form of compounds 
which yield the isopropylidene derivative of penicillamine when 
submitted to the sequence of reactions outlined in the text. 

+ Determined by the ethanol-butanol-water chromatogram de- 
scribed in the text. 
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NaOH. A saturated solution of mercuric chloride in water (30 
ml.) was added. After the suspension had stood overnight, the 
dense white precipitate was centrifuged down, resuspended, and 
washed three times with mercuric chloride solution. 

The precipitate was suspended in about 20 ml. of distilled 
water and 1 drop of concentrated HCl] was added. Hydrogen 
sulfide gas was bubbled through the solution for 5 to 6 hours to 
decompose the mercuric chloride complex. The solution was 
stoppered and allowed to stand overnight. The precipitate of 
mercuric sulfide was removed by filtration. The filtrate from the 
hydrogen sulfide treatment of the mercuric chloride complex was 
evaporated to dryness under reduced pressure on a steam bath. 
Twenty-five ml. of dry acetone and 1 drop of concentrated HCl 
were added, and the solution was again evaporated to dryness 
under reduced pressure. 

More acetone was added and the process was repeated until a 
fluffy white residue was left in the flask. This residue was dis- 
solved in dry acetone (20 ml.), 1 drop of concentrated HCl was 
added, and the solution was filtered hot. The residue was 
washed twice with 10 ml. portions of hot, dry acetone. The 
combined filtrates were evaporated to 5 ml. on a steam bath and 
then in a stream of dry air, without heating, until crystallization 
had occurred (1 to 2 ml.). The crystals of the hydrochloride of 
the isopropylidene derivative of penicillamine were filtered off, 
washed with 5 to 10 ml. of cold dry acetone and recrystallized 
from acetone. The crystals were allowed to dry overnight. A 
weighed sample of these crystals was dissolved in a known vol. 
ume of | per cent gelatin solution (pH 10 to 11). Samples of 1 
ml. were plated on copper planchets, and counted by the method 
described previously (2). From this count, the specific activity 
of the isolated crystals in ¢.p.m. per umole of sulfur was calcu- 
lated. 

From the known specific activity of the sulfur in the fermenta- 
tion and the determined specific activity of the sulfur isolated as 
the isopropylidene derivative of penicillamine, the quantity of 
thiazolidine sulfur present in the broth was determined. These 
results are shown in Table II. 

From Table II it can be seen that fairly good agreement was 
obtained between penicillin sulfur, thiazolidine sulfur, and the 
sulfur in peak VIII when precursor was added to the fermenta- 
tion. The quantity of sulfur obtained by bioassay (penicillin 
sulfur) was lower than the amount obtained by the other meth- 
ods. This would be expected since the other two methods also 
determine degradation products of penicillin (e.g. penicilloic 
acids). However, when no precursor is added to the fermenta- 
tion the discrepancy between penicillin sulfur and thiazolidine 
sulfur or sulfur in peak VIII is considerably greater. As will be 
shown, Compound VI does not form penicillamine under the 
conditions of this experiment, and therefore it appears probable 
that peak VIII contains compounds with a penicillin-like strue- 
ture but of a low antibiotic activity. Polar antibiotics that re- 
main at the origin of the Brewer and Johnson chromatogram and 
which have been demonstrated bioautographically in broths 
when no phenylacetate is added, may be responsible for this dis- 
crepancy. 

Isolation of Compound VI—The filtered broth and mycelial 
washings from 50 fermentation flasks of the high vielding strain 
51-20F3, grown on synthetic medium with 8*°O,~ as the only 
source of sulfur, which had been harvested when the pH had 
reached 6.5 to 7.0 (90 to 120 hours), were cooled to 4°. No pre- 
cursor was added to the fermentation. The pH was adjusted to 
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6.8 and 20 gm. each of Darco G60 and Celite 545 were added. 
After 45 to 60 minutes of stirring the carbon and Celite were 
filtered off under suction and discarded. The penicillins were re- 
moved by this treatment. The pH of the filtrate was adjusted 
to 1.2 with sulfuric acid (5 N) and the treatment with carbon and 
Celite repeated. Under these conditions Compound VI is ad- 
sorbed. 

The washed Celite-carbon mixture was stirred three times with 
60 per cent ethanol (100 ml. portions) for 45 to 60 minutes at 
room temperature and filtered. The combined filtrates and 
washings were evaporated to 10 ml. under reduced pressure. 
Compound VI was removed from the aqueous layer by continu- 
ous extraction with ether for 6 to 8 hours. This treatment gave 
a 55 to 60 per cent recovery of Compound VI in the ether phase. 

The ether layer was then mixed with about 50 ml. of distilled 
water and 2 n KOH was added dropwise with shaking until the 
pH of the aqueous phase rose to 5.0. This procedure was re- 
peated twice. The combined aqueous extracts were evaporated 
under reduced pressure to a volume to 5 to 10 ml. A crude salt 
of Compound VI crystallized out on the addition of 50 to 100 ml. 
of absolute ethanol; yield 300 to 500 mg. 

Purification of Compound VI—The potassium salt was further 
purified chromatographically on Darco G60. A mixture of Darco 
G60 and Celite 545 (1:1) was washed with 1 wn sulfuric acid. 
A column with the dimensions 8 mm. X 12 em. (containing 2 
m. of the mixture) was prepared and washed free from acid 
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with distilled water. The crude potassium salt of Compound 
VI (100 mg.) was dissolved in distilled water and the pH ad- 
justed to 1.0 with sulfuric acid. This solution was then ap- 
plied to the column, which was then washed with 30 ml. of dis- 
tilled water. 

Gradient elution with aqueous ethanol was used to develop the 
chromatogram. Distilled water was used initially and the con- 
centration of ethanol was slowly increased to 40 per cent. Com- 
pound VI first appeared in the eluate when the concentration of 
ethanol in the eluant had reached 18 to 20 per cent volume for 
volume, in this case when 18 to 20 retention volumes had passed 
through the column. Compound VI was detected in the eluate 
both radiographically and by the micro-Kjeldahl method of 
Johnson (8). The results of this chromatography are shown in 
Fig. 3. As can be seen from the figure the ratio of sulfur to ni- 
trogen in the fractions remained substantially unchanged through 
the peak. This suggests that only one compound is present in 
this peak. 

Fractions 49 to 70 were combined and the combined solution 
was concentrated to 10 ml. under reduced pressure, acidified to 
pH 1.2 with sulfuric acid, and extracted with analytical reagent 
ether as described above. The ethereal extract was dried with 
anhydrous sodium sulfate overnight and then concentrated to a 
very small volume yielding microcrystals (60 to 65 mg.) which 
softened at 104-108° and melted at 137-138°. Analysis: C 
41.82, H 5.28, N 10.00, S 11.13. The analysis checks well for a 
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Fic. 3. Column chromatography of S**-compound VI. 


Gradient elution with aqueous ethanol was used. The radioactivity 


of each fraction is a measure of the amount of sulfur present in that fraction. 
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2:1 nitrogen-sulfur ratio. However, C,Hi,0;N-2S requires C 
41.56, H 4.63, N 10.76, S 12.30, while CioHi1s,OgN2S requires C 
41.3, H 4.86, N 9.65, S 11.02. 

A single radioactive peak at Rr 0.51 to 0.54 was obtained 
when Compound VI was chromatographed with the ethanol- 
butanol-water system. Furthermore, single radioactive peaks 
were found when purified Compound VI was chromatographed 
with the saturated phenol-water system and the system of Clay- 
ton and Strong (9). 

Properties of Compound VI—Electrometric titration of Com- 
pound VI showed it to be a dibasic acid with pKa: and, pKaz of 
approximately 2.6 and 3.5. These pK values suggest that both 
acid functions are carboxylic. The equivalent weight of Com- 
pound VI was found to be in the range 130 to 150. This result 
is in fair agreement with a molecular weight of 267 (on the basis 
of one sulfur atom per molecule) found by radioactivity measure- 
ments. 

In acid solution (0.1 N HCl) Compound VI shows weak absorp- 
tion at 2300 A (£,, approximately 800) and at 2460 A (E,, ap- 
proximately 800). A similar band was observed in ethanol solu- 
tion. The infrared spectrum of Compound VI is complex but 
strong absorption occurs in the regions of 3.0, 3.5, 6.9, 7.1, 8.1, 
and 9.0 yu. 

As Compound VI gives a negative reaction with ninhydrin, no 
a-amino carboxylic acid functions are present. On the basis of 
the solubility in nonpolar solvents (for example ether) at strongly 
acid pH it can be assumed that basic functions are absent. 

Compound VI does not react with hydroxylamine to form a 
hydroxamic acid (10) and therefore does not contain the B-lac- 
tam ring structure of the penicillins. 

Since, as shown below, Compound VI does not yield penicilla- 
mine on treatment with mercuric chloride, it does not appear to 
be a penicilloic or a penilloic acid. 

Compound VI is relatively stable to weak acid. Normal sul- 
furic acid at room temperature caused slight decomposition 
(about 10 per cent). Chromatographic analysis of the products, 
with the ethanol-butanol-water system, revealed peaks at Rp 


TaBLe III 


Reaction of S*-benzylpenicillin and S*-Compound VI 
with mercuric chloride 


Radioactivity accounted for 
as thiazolidine sulfur 


% 


108.9 
Compound VI (1)*......... 3.5 
Compound VI 9-12 


* The conditions described in the text were used in these cases. 

7 Compound VI was hydrolyzed with 12 n hydrochloric acid 
and 80 per cent formic acid (5:1) for 3 hours at 100°, penicillamine 
was added and the isopropylidene derivative was isolated as de- 
scribed in the text. 

t Compound VI was hydrolyzed as in (2) above and the prod- 
ucts of hydrolysis were treated with bromine water. Under these 
conditions penicillamine is converted to penicillaminic acid (6). 
Penicillaminic acid was then added and, after concentration under 
vacuum to 1 to 2 ml., reprecipitated with acetone. After recrys- 
tallizing from aqueous acetone the crystals of penicillaminic acid 
were counted. 
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values of 0.22 and 0.86. By strong acid hydrolysis (80 per cent 
concentrated hydrochloric acid and 20 per cent formic acid on 
the steam bath for 3 hours) a number of hydrolytic products are 
formed, some of which are ninhydrin positive with Ry values of 
0.08, 0.21, 0.28, 0.52 and 0.60. However, the main sulfur-con- 
taining product is ninhydrin negative. The hydrolytic product 
also reacts with mercuric chloride but apparently does not form 
appreciable amounts of penicillamine in this reaction (see next 
section). Compound VI is also degraded by the action of strong 
alkali (see next section). 

Nature of Sulfur in Compound VI—Compound VI gave a neg- 
ative ferric chloride test and also a negative test with alkaline 
sodium nitroprusside both before and after treatment with so- 
dium cyanide. The sulfur in Compound VI is in a form which 
is relatively resistant to the action of concentration potassium 
hydroxide. After 12 to 15 hours of heating at 100° with 10 n 
potassium hydroxide solution followed by treatment with con- 
centrated hydrochloric acid for 2 hours approximately 50 per 
cent of the radioactivity was lost from a sample of S**-Compound 
VI. These results show that the sulfur in Compound VI is not 
present in the thiol or disulfide form and suggest the possibility 
that Compound VI is a thioether. 

Attempts were made to convert Compound VI to penicilla- 
mine and thus to establish the thiazolidine ring structure in this 
compound. The following basic procedure was used. A known 
amount of radioactivity as Compound VI was added to a known 
weight of benzylpenicillin. The mixture was then converted to 
the isopropylidene derivative of penicillamine by the series of re- 
actions described in this paper. By measuring the specific ac- 
tivity of the isolated isopropylidene derivative and assuming 
that Compound VI and benzylpenicillin were converted to this 
product in the same yields, the vield of penicillamine from Com- 
pound VI could be calculated. 

The results of these experiments are summarized in Table III. 
S**-benzylpenicillin as a control gave good recoveries by this 
method. However, under none of the conditions tested was 
Compound VI converted to penicillamine in appreciable yields. 
The yields obtained were too small to be conclusive and may 
have been due to impurities in the sample. 

Relationship Between Compound VI and Penicillins—W ideburg 
and Peterson (11) have demonstrated that the penicillin excreted 
by P. chrysogenum is not a static metabolic end product but is 
apparently a component of a dynamic system involving the R- 
group precursor and some sulfur-containing compound. They 
suggest that this compound may be a precursor to the penicillin 
nucleus. They demonstrated the existence of this dynamic sys- 
tem by adding S*-phenoxymethylpenicillin to a fermentation 
which was actively producing benzylpenicillin. After a time 
radioactivity appeared in the benzylpenicillin being produced. 
Similarly, when S*-benzylpenicillin was added to a culture ac- 
tively producing phenoxymethy! penicillin, label appeared in the 
product. None of the radioactivity entered the mycelium but 
an appreciable quantity appeared at the origin of the chromato- 
gram. 

Compound VI accumulates only in fermentations with high 
yielding strains of P. chrysogenum (which have been shown to 
have an enhanced sulfur metabolism) and only when no R-group 
precursor is added to the fermentation. This fact, together with 
the observation that the formation of Compound VI is prevented 
by the addition of phenylacetate with a corresponding increase 
in the quantity of penicillin sulfur, suggests the possibility that 
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TaBLe IV 
Relationship between Compound VI and penicillin 


The radioactive compound (S*-phenoxymethylpenicillin or 
S*-Compound VI) was added at 48 hours to a culture of P. chrys- 
ogenum 51-20F3 grown on the chemically defined medium de- 
scribed elsewhere (2). In the fermentation to which S*-Com- 
pound VI was added, potassium phenylacetate was added as 
precursor (2 ml. of a solution containing 10 per cent as free acid) 
at 24, 48, and 72 hours. 

The fermentations were sampled immediately after the addi- 
tion of radioactive compound, and at 72 and 96 hours, that is, at 
zero, 24, and 48 hours after the additions. The samples were 
chromatographed with the ethanol-butanol-water system de- 
scribed in the text. The area at the origin, at an Rp of 0.53 
(Compound VI) and close to the front (penicillin) was measured 
on each sample. 


Percentage distribution of S* | 
Time on the chromatogram : 
S¥ compound added | after 
n ili 
Origin in 
hrs. % % % % 
Phenoxymethyl- 0 5.0 0.0 95.0 100.0 
penicillin | 
24 4.2 19.8 75.2 | 99.2 
48 4.3 31.7 | 61.0 | 97.0 
Compound VI 0 | 0.0 | 100.0 0.0 | 100.0 
24 0.0 103.1 | 0.0 103.1 
48 0.0 | 102.5 | 0.0 102.5 


Compound VI is a biosynthetic precursor to penicillin which ac- 
cumulates because of lack of R-group precursor. 

In order to study the metabolic relationship between Com- 
pound VI and the penicillins, two experiments were run by the 
method of Wideburg and Peterson. In the first, S**-phenoxy- 
methylpenicillin was added to a 48-hour fermentation with strain 
51-20F3 to which no precursor had been added, t.e. a fermenta- 
tion which was actually producing Compound VI. In the sec- 
ond, S**-Compound VI was added to a similar fermentation 
which contained phenylacetate and was actively producing ben- 
zylpenicillin. The fermentation was sampled immediately after 
addition and then at 72 and 96 hours. 

The samples were analyzed chromatographically with the 
ethanol-butanol-water system. The results of these experiments 
are given in Table IV. 

When S**-Compound VI was added to a fermentation actively 
producing benzylpenicillin no label appeared in the penicillin. 
However, when S**-phenoxymethylpenicillin was added to a 
fermentation actively producing Compound VI radioactive sul- 
fur appeared in the product. Again no radioactivity entered the 
mycelium when S**-phenoxymethylpenicillin or S**-Compound 
VI was added to the fermentation nor did any sulfur compound 
other than those which appear at the front of the chromatogram 
(penicillin, penicilloic and penilloic acids) and Compound VI be- 
come labeled. 

These results show that penicillin sulfur is converted to Com- 
pound VI by actively growing cultures of P. chrysogenum which 
are producing Compound VI. Together with the findings of 


Wideburg and Peterson these results also suggest that Compound 
VI is a stabilization product of a biosynthetic precursor of peni- 
cillin. 
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DISCUSSION 


The observation that Compound VI is excreted only by the 
high yielding mutant strains of P. chrysogenum and only when 
no R-group precursor acid is added to the fermentation, suggests 
that its formation is due to the enhanced sulfur metabolism of 
these strains, which outstrips their capacity to synthesize R- 
group precursor. That the enhanced sulfur metabolism is a 
major factor contributing to the ability of the high yielding mu- 
tant strains to produce more penicillin than their low vielding 
analogues has been shown elsewhere (2). 

In addition to the penicillins, only Compound VI is excreted 
in large amounts by high yielding mutants (and then only in the 
absence of R-group precursor) although reaction with mercuric 
chloride suggests the possibility that, in the absence of R-group 
precursor, the broth of fermentations with the high yielding 
strains may contain appreciable amounts of compounds with a 
penicillin-like structure but of low antibiotic activity. The 
quantity of free cysteine, cystine, and methionine in the broth 
appears to be relatively low. 

Very little is known about sulfur-containing precursors of the 
penicillin nucleus. Arnstein and Grant (7) and Stevens et al. 
(12) have shown that the cysteine skeleton is incorporated into 
the penicillin nucleus intact. Batchelor et al. (13) have recently 
isolated 6-aminopenicillanic acid (the parent amine, of which 
benzylpenicillin is the phenylacetyl derivative) from fermenta- 
tions without added precursor. This compound is not identical 
with Compound VI, but may be related to it. 

With the use of the procedure of Wideburg and Peterson (11) 
we have shown that sulfur as penicillin is converted into Com- 
pound VI in broths of fermentations with strain 51-20F3, that 
are actively producing Compound VI. However, sulfur as Com- 
pound VI is not converted to penicillins. Furthermore, neither 
sulfur as penicillins nor sulfur as Compound VI is converted to 
cysteine, methionine, or mycelial sulfur. These results suggest 
the following metabolic relationships among these compounds. 


SO," — cysteine — X = penicillins 
Compound VI 


These findings further suggest that Compound VI is not a true 
biosynthetic precursor to the penicillins but that it is a stabiliza- 
tion product of such a precursor. 


SUMMARY 


It has been shown that, when compared with their low yield- 
ing analogues, high yielding mutant strains of P. chrysogenum 
show an enhanced uptake of inorganic sulfate and excretion of 
sulfur compounds (including the penicillins). The distribution 
of sulfur compounds in the broth of such a high yielding strain 
has been investigated chromatographically. 

Considerable differences in the distribution of sulfur com- 
pounds in the broth of fermentations with the high yielding 
strain were observed which depended on the addition of phenyl- 
acetate as R-group precursor. In the absence of phenylacetate 
the majority of the excreted sulfur appeared as penicillins and 
an unidentified sulfur-containing compound (Compound VI). 
When phenylacetate was added to the fermentation the excretion 
of Compound VI was prevented and the amount of sulfur ex- 
creted as penicillin was increased an equivalent amount. The 
addition of phenylacetate did not affect the total amount of sul- 
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fur excreted by the mold. The concentration of methionine, 

cysteine and cystine in the broth was very low when compared 

with the concentration of penicillin and Compound VI. 
Compound VI has been isolated and partially characterized. 


gen, thiol, or disulfide groups with the probable empirical formula 
CoHi2-14N 


Evidence has been presented to suggest that Compound VI is 


a stabilization product of a biosynthetic precursor of the peni- 


It has been shown to be a dibasic acid containing no basic nitro- __cillins. 
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Several reports have indicated that there may be differences 
among the proteins responsible for a given enzymatic activity in 
different tissues of the same animal (1-4). This paper reports 
the results of a comparative study of some biochemical proper- 
ties of the enzyme rhodanese purified from the liver and the 
kidneys of the same steer. The two enyzmes have been found to 
be identical by all of the tests applied. Some biochemical genetic 
implications of such studies are discussed. 


EXPERIMENTAL 


The liver and kidneys from the same steer were obtained 
fresh at the slaughter house and stored at —20° before use. 
Rhodanese was prepared from kilogram portions of the liver and 
from the pooled kidneys (700 gm.) after the method of Sérbo 
(5). The enzyme was assayed by estimating colorimetrically the 
thiocyanate produced from cyanide and thiosulfate (5). Either 
gelatin or glycine was used to prevent inactivation of the enzyme 
in dilute solution. Protein concentrations were determined by a 
biuret method (6) except in highly purified preparations, where 
they were determined spectrophotometrically with use of the ex- 
tinction coefficient for crystalline liver rhodanese at 280 my (5). 

Rhodanese was obtained from the liver in crystalline form. 
Sérbo’s observation that crystalline beef liver rhodanese sedi- 
ments with a single boundary in the analytical ultracentrifuge (5) 
was confirmed. Kidney rhodanese could not be crystallized by 
the same fractionation procedure and the kidney preparation used 
in these studies was 40 per cent pure.!- Both the liver and kid- 
ney rhodanese preparations were colorless and free from pro- 
teases, dialyzable tissue components, and nucleotides (A20/ 
Ago > 1.7). For both enzyme preparations, the thiocyanate 
produced in the assay reaction was shown to be equivalent to the 
thiosulfate which disappeared, measured as a decrease in ab- 
sorbance at 265 mu. 

Sodium benzenethiosulfonate was synthesized by the method 
of Traeger and Linde (7). After several recrystallizations from 
ethanol, the compound yielded the theoretical quantity of thio- 
cvanate when treated with alkali and cyanide (8, 9). 


* This investigation was aided by grants from the National 
Science Foundation and the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 

1 Beef kidney rhodanese has subsequently been obtained in 
crystalline form by a fractionation procedure based on the use of 
the NV, N-diethylaminoethyl-cellulose ion exchanger. The specific 
activity of the crystalline kidney enzyme is the same as that of 
crystalline beef liver rhodanese (J. Westley and J. Green, manu- 
script in preparation). 


RESULTS 


Variation of Activity with pH—Data representing initial rates 
of thiocyanate production in the presence of liver or kidney 
rhodanese at various pH values are shown in Fig. 1. The ac- 
tivity is an increasing function of pH over the entire range for 
which initial rate data can be obtained. Previous data showing 
decreases in activity on the alkaline side of a maximum (8, 10) 
are apparently due to alkaline inactivation of the enzyme during 
the incubation periods used. Neither in the experiment shown 
nor in any of several others performed with varying buffer con- 
ditions did the pH responses of the liver and kidney rhodaneses 
differ. 

Kinetics—A Lineweaver-Burk plot of kinetic data for the com- 
bination of cyanide with liver or kidney rhodanese in the pres- 
ence of saturating amounts of thiosulfate is shown in Fig. 2. 
The Michaelis constant calculated from the data for either en- 
zyme is 6 X 10-3 m.2_ The data for the liver and kidney enzymes 
are identical within the limits of the experimental error. 

Heats of Activation—The heat of activation of the reaction 
catalyzed by liver or kidney rhodanese was found to be 5800 
calories, calculated from the Arrhenius plots shown in Fig. 3. 
The slopes of the two lines and, therefore, the heats of activa- 
tion of the reaction catalyzed by the two enzymes are identical 
within the limits of the experimental error. That this value for 
the heat of activation differs from the 7900 calories reported by 
Sérbo (8) can be attributed to differences in the conditions of the 
experiments. 

Substrate Specificity—Sodium benzenethiosulfonate can replace 
sodium thiosulfate as a substrate for rhodanese (8). The liver 
and kidney enzymes were tested for activity in catalyzing thio- 
cyanate formation from each of these substrates and cyanide. 
The results given in Table I show that the liver and kidney 
rhodaneses do not differ in their relative activities on the two 
substrates. 

Heat Inactivation—The inactivation of rhodanese by dilution 
can be prevented by including glycine and thiosulfate in the 
diluting medium. Liver and kidney rhodanese diluted under 
these conditions to a suitable level for assay were heated at speci- 
fied temperatures for 30 or 60 minutes and assayed in the stand- 
ard system for rhodanese activity. The results are shown in 


2 Based on substrate concentration S equal to the sum of HCN 
and CN~ concentrations. Although the significance of the calcu- 
lated Michaelis constant is obscured by some properties of the 
rhodanese reaction system (8) the data are useful for comparative 
purposes. 
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Fic. 3. Arrhenius apparent heat of activation for the rhodanese 
reaction. O and OC, crystalline beef liver rhodanese; @ and @, 


| | | 
70 74 78 82 86 90 94 
pH 


Fic. 1. Micromoles of SCN~ produced per ml. of reaction mix- 
ture per minute at initial rates for various pH values. O——O, 
crystalline beef liver rhodanese; @——-@, beef kidney rhodanese. 
The dashed line indicates apparent decrease in activity due to 
departure from initial rates during assay period (see text). Re- 
action systems were 0.04 m in Na2S.O3, 0.04 m in KCN, 0.03 m in 
KH2PO,, 0.14 m in glycine, and 0.33 m in tris(hydroxymethy])- 
aminomethane as the free base and the hydrochloride. Incuba- 
tions were conducted at 25° for 1 minute. Termination of reac- 
tions and analysis for SCN~ were performed as in the rhodanese 


assay. 
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Fig. 2. Kinetics of rhodanese activity with cyanide as limiting 
substrate. O——O, crystalline beef liver rhodanese; @——@, 
beef kidney rhodanese. Reaction systems were 0.05 m in Na2S.O;, 
0.05 m in barbital, and 0.025 per cent in gelatin, pH 8.0. Incuba- 
tions were conducted at 25° for 2 minutes, during which the reac- 
tions proceeded linearly. Termination of reactions and analysis 
for SCN- were performed as in the rhodanese assay. 
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Table II as per cent inactivation during a specified time at each 
temperature. The differences between the data for the liver 
and kidney enzymes are smaller than the experimental error. 
In an effort to improve the precision of these observations, data 
for several time intervals at 50° were plotted and half times were 
calculated from the slopes of the statistically best fitting lines for 
the liver and kidney enzymes (Fig. 4). The values 73 and 75 
minutes, respectively, differ by an amount smaller than the ex- 
perimental error. 

Guanidine Inactivation—Equal amounts of liver and kidney 
rhodanese in glycine-thiosulfate solution were incubated in the 
presence and absence of 3 m guanidine. After dilution, aliquots 


beef kidney rhodanese. Since only the slopes are significant, the 
data for the two enzymes are shown arbitrarily displaced from 
each other in the vertical dimension to avoid confusion. Reaction 
mixtures contained Na2S.O; and KCN at 0.05 m, KH:2PO, at 0.04 
M, and either tris(hydroxymethyl)aminomethane at 0.25 m and 
glycine at 0.12 m (0 and @) or glycine at 1m (O and @). Incu- 
bations were conducted for 2 minutes at pH 8.8. Above 40° inac- 
tivation occurred during the incubation period. Termination of 
reactions and analysis for SCN~ were performed as in the rho- 


danese assay. 


TABLE I 
Substrate specificity 


Experiment if Experiment 2¢ 
Rhodanese Substrate* from from 
source SCN~ | _NagS:02_ | SCN- | NagS20: 
produced! SCN- from |produced| SCN- from 
Na2S20; Na2S20; 
umoles pmoles 
Beef liver Nadg8.02§ 2.63 93 1.53 2 39 
Na2S203 0.283 0.661 
Beef kidney | Na@S.02 2.96 91 1.78 2 31 
NaS:0; 0.327 0.776 


* Complete systems were 1 m in glycine, pH 8.8, with other con- 
ditions as in the rhodanese assay. 

+t All reactions were conducted at 25° for 2 minutes. 

t The thiosulfate reactions were conducted at 25° for 5 min- 
utes, the thiosulfonate reactions at 0° for 2 minutes to decrease 
the extent of the spontaneous reaction. 

§ Sodium benzenethiosulfonate. 


II 
Heat inactivation 
Inactivation 
Temperature Duration of treatment*® 
Beef liver Beef kidney 
rhodanese rhodanese 
min. % % 
45° 60 30.5 29.5 
50° 30 25 22 
55° 30 52.5 57.0 


* The enzyme solutions were 1 m in glycine and 0.0125 m in 
Na2S.0;, pH 6.3. 
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Fic. 4. Kinetics of rhodanese inactivation at 50° in 1 m glycine- 
0.0125 m Na2S.03. O——O, crystalline beef liver rhodanese; 
@——@, beef kidney rhodanese. Conditions of the experiment 
are given in Table IT. 


TaBLeE III 


Guanidine inactivation 


SCN~ produced* 
Rhodanese source Inactivation 
Without With 
guanidine guanidine 
pmoles/ml. pmole/mi. | % 
Beef kidney............ 1.67 0.895 | 46.2 


* The enzymes were preincubated for 10 minutes at 27° in 1 m 
glycine containing 0.0125 Mm Na2S.O3;, in the presence or absence 
of 3m guanidine, pH6.1. After 10-fold dilution with cold glycine- 
thiosulfate solution, aliquots were taken for assay in the standard 
system. 


were taken for assay of residual activity. The results, shown in 
Table III, indicate no difference between the two enzymes. 


DISCUSSION 


The “active site’’ regions of the liver and kidney rhodaneses 
from the same steer were compared on the basis of the variation 
of activity with pH, the kinetics of cyanide binding and the heats 
of activation of the catalyzed reactions. There were no dif- 
ferences. Moreover, when the sites determining specificity for 
the thiosulfate substrate were compared on the basis of relative 
rates with two alternate substrates, the two rhodaneses were 
found to be indistinguishable. Finally, the enzymes were com- 
pared for the ease with which the spatial configuration necessary 
for enzymatic activity could be disrupted by gentle heating or 
guanidine treatment. In these tests also, the two rhodaneses 
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were identical within the limits of the experimental methods 
used. It is concluded that there were no structural differences 
which appreciably affected the catalytic properties of the two 
enzymes. 

The work of Sanger and his associates on the species differ- 
ences in insulins (11) and Ingram’s recent studies on the mutant 
hemoglobins (12) together with the data of Pauling et al. (13) 
may be interpreted as evidence that the amino acid sequence in 
proteins is genetically specified. On the other hand, it is not 
known whether the entire primary structure is so determined 
(14) and there are no indications in the literature concerning the 
determination of the biologically active three-dimensional con- 
figurations of proteins. 

One approach to this problem is an effort to distinguish those 
aspects of protein structure which are specified by the genetic 
material from those which can be significantly influenced by ex- 
tragenetic factors. Experimentally, this approach involves the 
detailed examination of a protein which is synthesized under the 
influence of the same genetic determinants acting in different 
biochemical environments, a situation which presumably exists 
in different tissues of the same individual. After a number of 
proteins from several different tissues have been examined, those 
properties which are never found to differ should represent as- 
pects of protein structure which are specified genetically. Simi- 
larly, any differences which are found should indicate aspects of 
structure which can be significantly influenced by extragenetic 
factors. 

To obtain data useful for such an interpretation, this study 
has satisfied the following criteria: (a) The enzyme studied cata- 
lyzes with high specificity a reaction which is completely defined 
chemically. Thus there could be reasonable certainty that it was 
the same enzymatic activity which was being examined in dif- 
ferent sources. (b) The tissues used as enzyme sources were 
taken from the same individual animal to avoid uncertainties 
attributable to possible genetic variation. (c) The tests by which 
the purified enzymes were compared are intelligible in terms of 
enzymology and protein chemistry. 

This study of the liver and kidney rhodaneses from the same 
steer has provided data on some properties of the two enzymes 
which are indistinguishable. The immunological differences be- 
tween the phosphorylases from two tissues of the same animal, 
recently demonstrated by Henion and Sutherland (4), reflect 
some structural differences which can oecur. 


SUMMARY 


The enzyme rhodanese was purified from the liver and the 
kidneys of the same steer. The two enzymes were compared 
with respect to activity as a function of pH, kinetics of cyanide 
binding, heats of activation of the catalyzed reactions, substrate 
specificities, and extent of inactivation by heating or guanidine 
treatment. The enzymes were found to be identical by all the 
criteria applied. Some biochemical genetic implications of such 
studies have been discussed. 
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Previous reports from this laboratory (1-3) have indicated 
that the sequence of reactions shown in Fig. 1 might account for 
the variety of metabolic products which are found in culture fil- 
trates of Penicillium patulum. Inherent in this scheme are two 
presumptive alternative routes to the benzene ring derivatives, 
one through shikimie acid (4) to the aromatic amino acids 
to pyrogallol and the other via a process of acetate condensation 
(5) to 6-methylsalicylic acid. Stepwise oxidative attack upon 
the last named key intermediate can be invoked to explain the 
appearance of related phenolic compounds; oxidation, ring open- 
ing, decarboxylation, and molecular rearrangement (6) on one of 
these 6-methylsalicylate-related compounds can be suggested as 
a working hypothesis to explain the formation of the antibiotic, 
patulin. The results of several experiments with C™-labeled sub- 
strates now support the contention that the acetate-derived 
aromatic ring can undergo oxidative fission and rearrangement 
to give rise to patulin. 


EXPERIMENTAL 


Isolation of Compounds—Growth of P. patulum and procedures 
for the isolation of metabolites from the fermentation beer and 
from the mycelium have been described previously (2). Man- 
nitol m.p. 161-162°, has subsequently been found in the hot 80 
per cent ethanolic extract of the mold mycelium. It was readily 
isolated by evaporation of this ethanolic extract to small volume, 
followed by precipitation with acetone. After several recrystal- 


_ lizations from acetone-water, the mannitol gave the correct car- 


bon and hydrogen analysis, was converted to the known hexa- 
acetate, and was indistinguishable from an authentic specimen 
by infrared analysis. From the filtrate remaining after isolation 
of mannitol, the combined fatty acid-sterol fraction was recov- 
ered in the usual manner. The sterol fraction had an ultraviolet 
absorption spectrum which indicated the presence of an ergos- 
terol-like material. The ethanol-insoluble residue of the myce- 
lum was then hydrolyzed with 6 N HCl, and after removal of 
excess acid, the hydrolysate was treated with charcoal according 
to Partridge’s method (7) for the isolation of phenylalanine and 
tyrosine. The aromatic amino acids were further purified by re- 
peated chromatography on Whatman No. 3 MM paper in the 
butanol-acetic acid-water (4:1:1), 77 per cent ethanol-water, 
and 80 per cent phenol-H,0 solvent systems. 

Synthesis of Gentisic Acid-(carboryl)-C'4—This substrate was 
made by persulfate oxidation of salicylic acid-(carboxyl)-C"™ (Re- 


* Supported by a grant (NSF G5902) from the National Science 
Foundation. 


search Specialties Company), employing a modification of the 
methods in the literature (8, 9) for the corresponding nonisotopic 
Elbs reaction. It was found in trial experiments that the addi- 
tion of 100 mg. of FeSO,-7H.O per 15 mmoles of salicylate (with 
a molar ratio of salicylate-NaQH-K.S.Os, 1:5:1.1) assured re- 
producible yields of gentisic acid. In the isotopic experiment, 
after isolation and repeated vacuum sublimation, the gentisic 
acid-C™, m.p. 198-199°, was obtained in 46 per cent yield. It 
was judged to be pure by the additional criteria of cochromatog- 
raphy with an authentic sample on paper, and by spectrophoto- 
metric examination. <A total radiochemical recovery of 70 per 
cent was accounted for after isolation of the unreacted salicylic 
acid-C™ from the reaction mixture. 

Degradation Procedures—6-Methylsalicylic acid was degraded 
essentially by the procedure of Birch et al. (10). In Experi- 
ment 4, 11.0 mg. of isolated radioactive 6-methylsalicylate (m.p. 
161-162°) were diluted with 989 mg. of carrier compound, syn- 
thesized by the method of Eliel et al. (11). After two precip- 
itations by acidification of alkaline solutions and four vacuum 
sublimations, the diluted 6-methylsalicylic acid, m.p. 167°, was 
purified to constant radioactivity. Itwasdecarboxylated by heat- 
ing in quinoline with Cu.O at 220° (Table IV). The resultant 
m-cresol was divided into two portions and the major part was 
nitrated to give 1,3,5-trinitro-m-cresol, m.p. 108°. This com- 
pound was then cleaved by calcium hypobromite (12) according 
to the directions of Werbin and Holoway (13), and the resultant 
bromopicrin was converted to CO, in a micro-Pregl combustion 
apparatus. The carbon atoms from positions 2 and 4 in the 6- 
methylsalicylate molecule were obtained as BaCO; after acidi- | 
fication of the above Ca(OBr). oxidation mixture. The smaller 
portion of the radioactive m-cresol was subjected to a Kuhn- 
Roth oxidation, and the acetic acid containing C-7 and C-6 was 
converted to methylamine and CO:z by the Schmidt reaction. 
Finally, the methylamine was in turn oxidized to CO. with the 
Van Slyke wet oxidation mixture. 

Patulin was degraded by the pathway originally devised by 
Raistrick et al. (14) for the structural proof of this antibiotic (see 
Fig. 2). In Experiment 4, 8.0 mg. of isolated patulin-C™ were 
diluted with 992 mg. of carrier. After three recrystallizations 
from absolute ether this material had attained constant specific 
radioactivity. Carrier patulin for this purpose was biosyn- 
thesized by taking advantage of the observation that 6-day-old 
mycelial pads of P. patulum, replaced with 4 per cent glucose- 
Czapek-Dox medium lacking a nitrogen source, accumulated 
large quantities of the antibiotic to the exclusion of other me- 
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HIKIMIC ACID 
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[5-HO,6-CHO-SALICYLIC ACID] 


? 
GENTISIC ACIO (Gentisaldehyde ) 


PATULIN 
Fic. 1. Proposed interrelationship among the metabolic prod- 
ucts of P. patulum. 


a? OH OH 
CHa CHO CHO CHO 
8 ? 
COOH COOH COOH 
OH 0 OH / OH 
/(O) 
/ 
/ 
HO COO OH 
! 
HOH>C CHO HOCH 
0” OH OGH2 
Yo H 2 
Ho S04 ,HoO HI 
HCOO ICH H H H 
ZnHg,HC! 
5 
CH aCHo CHa COOH 
Na, HoNNHo 
Successive 


Fic. 2. The distribution of C'* in 6-methylsalicylic acid and 
patulin obtained in Experiment 4 with acetate-2-C'™. Reactions 
above the dotted line indicate the proposed enzymatic oxidation 
and rearrangement pathway from 6-methylsalicylate to the anti- 
biotic. The numbering system in patulin (VJ) indicates the ori- 
gin of carbon atoms which would be derived from those in 6- 
methylsalicylic acid (J). Reactions below the dotted line are the 
chemical steps used in the degradation of the patulin molecule. 
To facilitate visualization of the degradative scheme, the chemi- 
cal operations are depicted as starting from the hydrated open 
chain form (Va) of patulin. 


tabolites. A small portion of the diluted radioactive patulin was 
refluxed with 2 n H.SO, under nitrogen for several hours and the 
reaction mixture was steam distilled. The resultant formic acid 
(S-benzyl-iso-thiuronium salt, m.p. 152°; mixed m.p. with au- 
thentic sample, not depressed) derived from C-7 of patulin was 
neutralized and converted to CO, with Pirie’s (15) mixture. The 
remainder of the diluted labeled patulin was refluxed with con- 
centrated HI in an inert atmosphere and the 6-iodo-4-keto- 
hexanoic acid, m.p. 87—88°, was isolated. Attempts to reduce 
this iodoketo acid directly to caproic acid by the Clemmensen 
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method were not successful. However, when the iodoketohex- 
anoic acid was dissolved in toluene and reduced with zine amal- 
gam and HC] for several hours on the steam bath, it was smoothly 
converted into homolevulinic acid (14). The toluene layer was 
taken up in ether and was washed first with aqueous thiosulfate 
solution, then with water, dried with MgSO,, and evaporated. 
The residue was identified as homolevulinic acid by comparison 
with authentic samples made by two methods (16, 17). The 
2 ,4-dinitrophenylhydrazones from all three preparations melted 
at 185-187° and were inseparable by paper chromatography. 
The radioactive homolevulinic acid was reduced to caproic acid 
by the Soffer modification (18) of the Wolff-Kishner reaction, 
which entailed the use of diethylene glycol (freshly distilled over 
KOH), metallic sodium, and hydrazine hydrate. After steam 
distillation of the acidified reaction mixture, the resultant caproie 
acid was freed from contaminating traces of acetic acid by parti- 
tion chromatography on silicic acid. The neutralized caproic 
acid (m.p. S-benzyl-iso-thiuronium salt, 162°) was degraded ecar- 
bon by carbon by the procedure of Phares (19) for the stepwise 
degradation of fatty acids. Yields for the conversion of higher 
to lower homologous acid by the combined Schmidt and alkaline 
permanganate procedure averaged 75 per cent at each step. 

Radioactivity Measurements—An end window Geiger counter 
with an efficiency averaging 6.5 per cent was used. All samples, 
with the exception of phenylalanine, tyrosine, and the keto acids, 
were counted in triplicate as BaCO, to 5 per cent statistical error. 
Suitable corrections to infinite thinness, for self-absorption and 
for coincidence, were applied to each sample. For the determina- 
tion of the molar specific activities of the aromatic amino acids, 
25 wl. aliquots were plated on planchets and were also suitably 
diluted for quantitative ninhydrin (20) analyses. Tyrosine con- 
centrations were independently checked by the colorimetric as- 
say, with the use of 1-nitroso-2-naphthol (21). Molar specific 
activities for 6-methylsalicylate and patulin were obtained wher- 
ever possible, both from combustion of crystalline samples to 
BaCO; and from the combined plating and ultraviolet spectro- 
photometric determination of concentration on volumetric dilu- 
tions. The results obtained by these methods, which checked 
very closely, were averaged. Keto acid dinitrophenylhydrazones 
were assayed for specific activity by the combined plating and 
spectrophotometric determination of concentration, after separa- 
tion by the chromatographic procedure of Cavallini and Front- 
alli (22). 


RESULTS 


Metabolism of Labeled Glucose—Two experiments to trace the 
pathway of glucose-1-C™ metabolism by P. patulum were carried 
out (Table I). In the first, the radioactive substrate was sup- 
plied to a growing culture along with a small quantity of unla- 
beled acetate. At the end of the fermentation, patulin, 6-meth- 
ylsalicylic acid, and the aromatic amino acids phenylalanine and 
tyrosine were isolated. The values for their molar specific ac- 
tivities turned out to be virtually identical, indicating complete 
dissimilation of the glucose, presumably via the Embden-Meyer- 
hof pathway, to methyl-labeled pyruvate, and then to methyl- 
labeled acetate. Under these experimental conditions it was not 
possible to distinguish between the postulated shikimic acid path- 
way for phenylalanine and tyrosine formation, and the presump- 
tive acetate-derived route to 6-methylsalicylate and its congeners. 

Further information on the biosynthesis of patulin from C: 
units, which are ultimately derived from glucose-1-C', was ob- 
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tained from the replacement experiment. Here, the crystalline 
antibiotic isolated from the 3-day replacement broth was burned 
to obtain the average specific activity of its constituent carbon 
atoms. The activities of two selected carbon atoms, C-1 and 
C-7 of this patulin sample, were also determined. If it be as- 
sumed that the C-1 of glucose is the metabolic equivalent of 
methyl-labeled acetate in this svstem, the results of this degrada- 
tion can be taken to indicate that patulin formation is the final 
result of an initial acetate ‘‘head-to-tail’’ condensation. This 
conclusion is based upon the fact that C-7, a ‘“‘methyl’” carbon 
atom (see Fig. 2), is almost twice as radioactive as C-1, a “‘car- 
boxyl’’ carbon atom, and the specific activity of the entire mole- 
cule is close to the value which would result from an alternate 
distribution of carbon atoms bearing values determined for C-1 
and C-7. 

Incorporation of Labeled Acetate—Data showing total recovery 
and distribution of radioactivity in growing cultures of P. patu- 
lum with small quantities of acetate-2-C™ and an excess of un- 
labeled glucose are presented in Table II. In Experiment 3, the 
labeled acetate was added to the culture on the third day of 
growth. At this time, the first appearance of aromatic metab- 
olites is usually noted in the fermentation broth, although no 
patulin can be found (3). In Experiment 4, acetate-2-C™ was 
incorporated initially into the glucose-Czapek-Dox medium. 
In both experiments an almost quantitative recovery of isotope 
in the combined fractions was accounted for, with little differ- 
ence in the relative distributions of radioactivity. The appar- 
ently higher isotopic concentration in the 80 per cent ethanolic 
extract of the mycelium from Experiment 4 probably is due to 
the fact that in this case the extraction was carried out for a 
longer time and at a higher temperature. The specific molar 
activities of the aromatic amino acids, of 6-methylsalicylate and 
patulin, of mannitol, and of some keto acids were determined (Ta- 
ble III). In both experiments, the specific activities of patulin 
and of 6-methylsalicylic acid were considerably higher than those 
found in phenylalanine and tyrosine. Especially, as seen in the 
results of Experiment 4, the high and almost identical values for 
the specific molar activities of 6-methylsalicylate and patulin, in 
contrast to the lower values for phenylalanine and tyrosine, sug- 
gest that separate pathways for each set of metabolites exist. 
Moreover, the low specific activities of the terminal respiratory 
intermediates, pyruvate and a-ketoglutarate, demonstrate that 
the radioactive acetate was rapidly and directly incorporated 
into 6-methylsalicylate and patulin and that only a small quan- 
tity of this C2 precursor was diverted to terminal respiration. 
The low specific activity found in the mannitol shows that little 
resynthesis of glucose from the exogenous labeled acetate had oc- 
curred. 

In Experiment 3, the very much lower molar specific activity 
of 6-methylsalicylic acid, as opposed to that found for patulin, is 
not readily explicable. The possibility that this discrepancy is 
due to experimental error was ruled out by the fact that these 
values are the average of two independent methods of determi- 
nation. It may be that the 6-methylsalicylic acid, formed by the 
dissimilation of unlabeled glucose and already present in the 
culture filtrate on the third day of growth, was not in rapid 
metabolic equilibrium within the mycelium with the 6-methyl- 
salicylate which was rapidly being formed by acetate-2-C™ con- 
densation. If so, the patulin originating from labeled 6-meth- 
vlsalicylate might be expected to have a higher radioactivity 
than the final 6-methylsalicylate, which would have been diluted 
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TaB_e 
Utilization of glucose-1-C'* by P. patulum 

Experiment 1, growth: Czapek-Dox medium (500 ml.) with 
2 per cent glucose was supplemented with 41 mg. of unlabeled Na 
acetate and 45 mg. of glucose-1-C'* (2.00 K 107 ¢.p.m.). After 
inoculation with P. patulum spores the flask was fitted with a 
mantle which allowed for the collection of respiratory CO:2, and 
was maintained at 30° for 9 days. 

Experiment 2, replacement: A 7-day-old mycelial pad was 
washed to free it from endogenous metabolites and was replaced 
with 300 ml. of 4 per cent glucose-Czapek-Dox medium containing 
40 mg. of glucose-1-C'* (1.32 & 107 e.p.m.). After 72 hours at 
30°, 86 mg. of patulin were isolated. 


Total 
a Compounds isolated Specific activities 
CO: 
% ‘om 
1 41 Glucose (initial) 360 
Patulin 350 
6-Methylsalicylic acid 350 
Tyrosine 350 
Phenylalanine 325 
2 ll Glucose (initial) 204 
Patulin 300 
(Patulin) C-1 to C-7 30 
(Patulin) C-7 40 
(Patulin) C-l 24 


TABLE II 


Distribution of radioactivity after growth of P. patulum 
on unlabeled glucose plus acetate-2-C'4 


Experiment 3: Sodium acetate-2-C' (60 mg.) with 8.50 K 107 
c.p.m. (total) was added to 500 ml. of 4 per cent glucose-Czapek- 
Dox medium 72 hours after inoculation with P. patulum spores. 

Experiment 4: Sodium acetate-2-C'™ (81 mg.) with 3.10 
c.p.m. (total) was initially incorporated into the Czapek-Dox 
medium before inoculation. 

Both 2.8-l. Fernbach flasks were maintained at 30° for 8 days, 
and the respiratory CO, was trapped by passing air over the 
sterile cotton plug held in a glass mantle. 


| C.p.m. total, * 107 Total activity 
Fraction | 

| Experi- | Experi- Experi- Experi- 

| ment 3 ment 4 ment 3 ment 4 

| 
Respiratory COz............. | 2.20 8.00 26.1 25.9 
Fermentation beer......_.... | 2.23 | 10.5 26.2 34.1 
Alcoholic extract of myce- 

Acid-hydrolyzed mycelium... 3.88 9.86 45.8 34.8 
Ether extract of beer........ (1.12) | (4.40) | (13.2) | (14.2) 
Per cent activity recovered. _ 99.7 | 101 


by the “cold” variety already present. Another explanation 
(see Discussion”) might be that there exist alternate pathways 
for the biosynthesis of the antibiotic. 

A comparison of the labeling patterns found in 6-methylsali- 
cylic acid and patulin derived from Experiment 4 (Table IV and 
Fig. 2) demonstrates that there is a complete parallelism between 
the origin of the carbon atoms of these two metabolites and that 
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TaBLeE III 
Specific activities of compounds isolated from experiments 3 and 4 

Specific activity 
Compound 
Experiment 3 Experiment 4 
c.p.m./pmole 

6-Methylsalicylic acid......... 910 14,900 
360 295 
a-Ketoglutaric acid....... 4,600 

TABLE IV 


Isotope content of carbon atoms in 6-methylsalicylate 
and patulin obtained in experiment 4 


Recovery of C4 in 6-methylsalicylic acid degradation = 
B+ E+ F+3G+ 2H 
7A 


Recovery of C™ in patulin degradation = J through P/7I = 
97 per cent. 


= 93 per cent. 


Compound Reaction tye 
A | 6-Methylsalicylic acid Combustion 1-8 | 107 
B | 6-Methylsalicylic acid Decarboxyla- 8 8 
tion 
C | m-Cresol from B Combustion 1-7 | 118 
D | m-Cresol from B Kuhn-Roth 6+ 7 
E | Acetic acid from D Schmidt 6 16 
F | Methylamine from E Combustion 7 232 
G | Trinitro-m-cresol Bromopicrin j|1, 3, 5) 165 
H | Reaction mixture from) Acidification 2, 4 22 
G 
I | Patulin Combustion 1-7 | 123 
J | Patulin H.SO, hydrol- 7 207 (232) 
ysis 
K | Caproic acid Schmidt 2 9 (22) 
L | Valerie acid Schmidt 1 201 (165) 
M | Butyrie acid Schmidt 6 38 (16) 
N | Propionic acid Schmidt 5 184 (165) 
O | Acetic acid Schmidt 4 12 (22) 
P | Methylamine Combustion 3 174 (165) 


* Numbers in parentheses after values for each carbon in patu- 
lin are those for the corresponding carbon in 6-methylsalicylic 
acid (see Fig. 2). 


they both must be formed by some combination of the acetate 
‘head-to-tail’? hypothesis (5). Dilutions of the 6-methylsali- 
cylate and of the patulin made before their degradation, were 
based upon the assumption that at one particular time of forma- 
tion these compounds had the same average molar specific radio- 
activities. Mathematical analysis of the precursor problem 
with radioactive isotopes (23) has shown that it is possible, un- 
der certain conditions of the specific activity-time course plot 
of these reactions, for a precursor to have a slightly lower activity 
than that found in the final compound, provided the adminis- 
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tered labeled compound, in this case acetate, is other than the — 


proposed precursor. 


With this assumption in mind, comparison | 


of the carbon atoms in the labeled patulin with those presumably — 


derived from the comparable positions in the labeled 6-methy]- 
salicylate, suggests that one of these substances is a likely pre- 
cursor of the other in a growing culture of P. patulum. 
Replacement Experiments with C-labeled Substrates—Addi- 
tional evidence for the biological conversion of 6-methylsalicv late 
to patulin arose from a series of replacement experiments with 
unlabeled glucose and various C™ substances, each suspected of 
possible involvement in patulin formation. Whereas gentisic 
acid-(carboxyl)-C™ under two sets of experimental conditions 
failed to reveal evidence of conversion to patulin, 6-methylsalicylic 
acid-C™ was promptly transformed to the antibiotic in approx- 
imately 29 per cent radiochemical yield (Table V). Another 
interesting observation was the fact that mevalonic acid-2-C" 
was not incorporated into either 6-methylsalicylate or patulin, 
which were under simultaneous biosynthesis from glucose dis- 
similatory units. In this experiment, the sterol and fatty acid 
fractions possessed considerable radioactivity. These results 


TABLE V 


Replacement experiments with various C'4-labeled substrates 


Iixperiment 5: A 6-day-old mycelial pad was washed and re- 
placed with 300 ml. of 1 per cent glucose-Czapek-Dox medium 
containing 125 mg. of Na gentisate-(carboxyl)-C!* with 1.00 X 
10° ¢.p.m. Metabolites were isolated after 48 hours at room 
temperature. 

Iixperiment 6: After 6 days’ growth on 4 per cent glucose-Cza- 


pek-Dox medium, a neutralized solution of 1 gm. of gentisic | 


acid-(carboxyl)-C!* containing 7.22 10° c.p.m. was infiltrated 
under the mycelial pad. After an additional 48 hours metabolites 
were isolated. 

Experiment 7: A 6-day-old washed mycelial pad was replaced 
with 300 ml. of Czapek-Dox medium containing 1 per cent glucose 
and 15 mg. of biosynthetic 6-methyl-salicylic acid (m.p. 167°) 
obtained from Experiment 4. The total radioactivity was 4.50 X 
10° ¢.p.m. 

Iixperiment 8: A 6-day-old mycelial pad was washed and re- 
placed with 300 ml. of 4 per cent glucose-Czapek-Dox medium 
containing 12 mg. of mevalonic acid-2-C' (N, N’-dibenzylethyl- 
enediamine salt, Tracerlab) with 1.28 K 107 ¢.p.m. Patulin and 
6-methylsalicylic acid were isolated after 48 hours. 

Experiment 9: Biosynthetic patulin-C', 10 mg. (from Experi- 
ment 4), with 1.26 X 106 ¢.p.m. and 100 mg. of unlabeled glucose 
were incorporated into 300 ml. Czapek-Dox medium, which was 
replaced under a 6-day-old washed mycelial pad. Respiratory 
CO. was trapped for a period of 96 hours. 


Experi- Activity in : 
ment source respiratory Compounds isolated 
% c.p.m./pmole 
5 Gentisic acid 2.0 Patulin 0 
| Mannitol 0 
6 Gentisic acid | 3.3 Patulin 0 
Mannitol 0 
7 6-Methylsali- 3.0 Patulin 235 
evlie acid 
8 Mevalonic acid 0.45 Patulin 0 
6-Methylsali- | 0 
eylic acid | 
9 Patulin 4.3 | 
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confirm the recent observations of Birch et al. (24) with the re- 
lated Penicillium griseofuluum, wherein it was shown that meva- 
lonic acid lactone is an irreversible condensation product of 
acetate, and appears in mycelianamide, but is not incorporated 
into the aromatic acetate-derived compound griseofulvin. The 
results of Experiment 9, in which biosynthetic patulin-C™ and 
a catalytic amount of glucose were supplied to a replacement pad, 
demonstrated that it is possible for the antibiotic to be further 
metabolized by the respiratory pathways present in P. patulum. 
Spectrophotometric examination of the culture fluid at the end 
of this experiment failed to reveal any residual patulin. Since 
only 4 per cent of the initial radioactivity in the patulin-C™ was 
collected in the repiratory CQ:, it is evident that this exogenous 
patulin supplied to the well-washed mycelial mat was either re- 
incorporated into the mycelium, or else was converted into non- 
cyclic compounds without ultraviolet absorption, as a step before 
entry into terminal respiration. 

Replacement Experiment with Highly Labeled 6-Methylsalicylate- 
C4%—In order to ascertain the distribution of C™ in patulin de- 
rived from 6-methylsalicylate by the replacement technique, Ex- 
periment 7 was repeated with undiluted biosynthetic material 
(Experiment 10). The results of the degradation of this patulin, 
obtained in 25 per cent radiochemical yield, are presented in 
Table VI. Again, the data are entirely consistent with hypo- 
thetical ring-opening and rearrangement. The replacement 
broth was also steam distilled, and the presence of lower fatty 
acids, especially acetate, was sought. Since none was found, it 
must be concluded that the transformation of 6-methylsalicylate 
to patulin does not involve the intermediary formation of ace- 
tate units. It was later determined that the 6-methylsalicylate- 
C™ used in this experiment was contaminated with a trace 
amount of a nonaromatic radioactive material (containing about 
7 or 8 carbons), which seems to have a catalytic effect upon the 
formation of additional 6-methylsalicylate and patulin from glu- 
cose by the replacement method. In a separate experiment, 
this radioactive contaminant, isolated by paper chromatography, 
was added to a replacement pad in amount and radioactivity 
comparable to that which was present in Experiment 10. The 
patulin which was separated from the reaction mixture by paper 
chromatography was estimated to have a specific activity of 70 
¢.p.m. per umole. 


DISCUSSION 


The results reported in these experiments add to the conclusion 
drawn from previous physiological studies with P. patulum (2, 
3) that a close biogenetic relationship between the aromatic 
phenols derived from 6-methylsalicylate and patulin exists. 
These data also verify the acetate “head-to-tail’’ condensation 
mechanism proposed by Birch et al. (10) for 6-methylsalicylic 
acid biosynthesis. Moreover, the findings are in accord with the 
hypothesis for patulin formation first suggested by Birkinshaw 
(6), which involved the oxidative rupture and rearrangement of 
an immediate aromatic ring precursor. Additional evidence 
which favors this hypothesis has come from the recent work of 
Bu’Lock and Ryan (25). In their communication, which ap- 
peared while the present work was in progress, it was reported 
that patulin isolated after administration of biosynthetic 6-meth- 
vlsalicylate-C™ derived from acetate-1-C™ (labeling pattern the 
converse of the material in Experiments 7 and 10) to P. patulum 
had the predicted (1) isotope distribution. 

Despite this agreement concerning the ring oxidation and re- 
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TABLe VI 


Isotope content of carbon atoms of patulin from replacement 
experiment No. 10 with 6-methylsalicylate-C™ 


A 6-day-old mycelial pad was washed free from endogenous 
metabolites. It was then floated upon 300 ml. of 1 per cent glu- 
cose-Czapek-Dox medium containing 15 mg. of undiluted bio- 
synthetic 6-methylsalicylate-C'™, m.p. 161—-165° (experiment 4). 
The total initial radioactivity was 1.76 X 10° ¢.p.m. After 48 
hours, 11 per cent of this activity was found in the respiratory 
CO, and 75 mg. of patulin, m.p. 110-111° (726 ¢.p.m./umole) were 
isolated. It was diluted to 1.0 gm. with carrier before degrada- 
tion. 


Recovery of C4 in patulin degradation = 
Rto V + 2W 


= 101 per cent. 


7Q 

Series Compound | Reaction | Carbons 

| | 
| Patulin Combustion 1-7 37 
Rs Patulin HSO, hydrolysis 7 57 
S  Caproie acid Schmidt 2 3 
T Valerie acid Schmidt 58 
Butyrie acid | Sehmidt 8 
V | Propionic acid | Schmidt ee 
W Acetic acid | Combustion 44+ 3 | 40 


arrangement hypothesis from two laboratories with different 
species of labeled 6-methylsalicylate, the alternative mechanism 
presented in Diagram 1 should not be overlooked. 


DIAGRAM 1 
Glucose — “acetate” — V — W = X +> 6-methylsalicylate 


patulin 


In this formulation, which is still consistent with all the isotope 
data, 6-methylsalicylate is not necessarily on the direct line to 
patulin biosynthesis, but is depicted as being in reversible equi- 
librium with an open-chain Cs precursor ‘“‘W” which may cyclize 
by two different routes. By an aromatization process, 6-methy]- 
salicylate would eventually be formed from this intermediate, 
whereas a simultaneous loss of CO. and lactonization or hemi- 
acetal formation could give rise to patulin. This reaction scheme 
would also explain why patulin isolated in the growth experiments 
from unlabeled glucose with delayed supplementation of acetate- 
2-C™ had a higher specific activity than did the 6-methylsalicyl- 
ate. Such a result would not be unexpected if the conversion of 
“W’’ to patulin were more rapid than the back reaction of 6- 
methylsalicylate to ““W” and if the equilibrium were controlled 
by some “‘feed-back” mechanism. It will be necessary to obtain 
cell-free enzyme preparations from P. patulum which can catalyze 
the conversion of aliphatic precursors as well as 6-methylsalicy]- 
ate to patulin in order to resolve the foregoing alternatives. 
The finding that gentisic acid-C™ was not incorporated into 
patulin in the replacement experiments contrasts with a previous 
report (3) that spectrophotometric examination indicated net 
patulin synthesis from unlabeled gentisate. In addition, paper 
chromatograms obtained from Experiments 3 and 4 contained 
spots giving typical reactions of gentisic acid which were devoid 
of radioactivity, although those areas corresponding to 6-meth- 
yisalicylate and patulin were active. It is therefore possible 
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that the original designation of gentisic acid as a metabolite de- 
rived from 6-formylsalicylate is incorrect, and that this substance 
may instead be related to compounds derived from shikimic acid. 

If the hypothesis that patulin is the ultimate result of oxida- 
tion and rearrangement of a phenolic intermediate proves to be 
essentially correct, then a clue to the reason for the formation of 
this antibiotic by certain of the Penicillia may be at hand. For 
example, it has recently been found by Simonart and Lathouwer 
(26) that a strain of P. griseofulvum traditionally thought to pro- 
duce 6-methylsalicylate as a main terminal product of metabo- 
lism, also forms patulin. Since there are many known examples 
of genetic or environmental conditions which can cause the ces- 
sation of the production of an antibiotic without influencing 
mycelial growth, it is most reasonable to assume that the pro- 
duction of these antibiotics is not essential to the physiology of 
the microorganism. In the case of P. patulum and P. griseoful- 
vum, one may speculate that an over supply of C2 or of C.-gen- 
erating carbohydrates to the organism causes temporary storage 
of this extra carbon in the form of stabilized aromatic ring de- 
rivatives. After a period of time, perhaps necessary for the 
sequential induction (27) of additional enzymes, these aromatic 
substances may then be cleaved by oxidase enzymes preparatory 
to the entrance of the resultant aliphatic products into terminal 
respiratory cycles. It is proposed that the open chain aldehydic 
hydroxy acid precursor of patulin can, by either spontaneous or 
enzymatic reaction, undergo a lactonization and hemiacetaliza- 
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tion to cause a further temporary accumulation of this powerful 
antibiotic substance. 


SUMMARY 


The conversion of several isotopic substrates to patulin and to 
6-methylsalicylic acid by cultures of Penicillium patulum was 
studied. Glucose-1-C' was transformed by the replacement 
method into patulin which was partially degraded to show an 
isotope distribution which would result from dissimilation of the 
carbohydrate to the acetate level. Growth experiments with 
acetate-2-C™ in the presence of unlabeled glucose demonstrated 
that both patulin and 6-methylsalicylate are acetate-derived 
metabolites. Biosynthetic 6-methylsalicylate-C™ obtained from 
the above acetate experiments was converted to patulin in 25 
per cent radiochemical yield in replacements. The pattern of 
isotope in the resultant patulin suggested molecular rearrange- 
ment of the aromatic ring. No evidence for the intermediate in- 
volvement of acetate in the foregoing conversion could be found. 
Gentisic acid-(carboxyl)-C™ and mevalonic acid-2-C™ were not 
converted either to patulin or to 6-methylsalicylic acid in re- 
placement media. Biosynthetic patulin-C™ supplied to a myce- 
lial pad previously grown on unlabeled glucose was metabolized, 
and 4 per cent of the initial radioactivity was found in the re- 
spiratory CO». The relationship of these findings to a possible 
explanation for the formation of the antibiotic is discussed. 
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In a previous paper of this series we have reported on the 
isolation, purification and properties of a cytochrome with an 
a-peak, in the reduced state, at 556 my, the hemoprotein having 
been obtained from pig liver particles (1). A reductase linking 
reduced diphosphopyridine nucleotide specifically to this cyto- 
chrome has also been isolated and characterized (2). The ques- 
tion whether the solubilized cytochrome and its reductase were 
of mitochondrial or microsomal origin, and of their possible 
identity with the microsomal entities previously described (3-5), 
had to be held in abeyance pending further investigations. 

This communication attempts to provide some leads toward 
an answer to this question. It will be shown that carefully 
washed mitochondria isolated by conventional techniques (6-8) 
can be used as a source of the system, and that the reductase 
obtained from these particles differs from its microsomal counter- 
part in its sensitivity to the inhibitor Dicumarol. The isolated 
cytochrome component, on the other hand, is identical in all its 
properties with the corresponding microsomal moiety (7.e. cyto- 
chrome 6s). In view of these findings the possible contribution 
to the particulate preparation studied here of microsomal ele- 
ments, especially those portions of the endoplasmic reticulum 
surrounding the mitochondria (9-12) which may adhere to the 
latter in the course of the isolation procedure employed, assumes 
4’ paramount importance. Cytochrome 6; had previously been 
reported to be present in (13), and extractable from (14) mito- 
chondrial preparations; its relatively low concentration in their 
preparation prompted Chance and Williams (13) to ascribe its 
occurrence to just such microsomal contamination. In the 
present instance we demonstrate that, in our pig liver fraction, 
the concentration of the cytochrome is considerably greater and 
comparable to that of other members of the respiratory chain. 
Furthermore the ribonucleic acid content of the preparation used 
is low enough to rule out any sizable contribution of the ribo- 
nucleoprotein granule component of the microsomal fraction, 
at least. Unambiguous assignment of the system to a mor- 
phologically discrete entity will of course have to await parallel 
and rigorous studies by cytological, enzymatic, and chemical 
criteria. 

EXPERIMENTAL 


Preparation of Liver Particles—Fresh pig liver was packed in 
ice at the slaughter house, brought to the laboratory, diced, and 


* Publication No. 878, Department of Chemistry, Indiana Uni- 
versity. 

t Present address, Laboratory of Enzymology, Department of 
Biochemistry, Medical School, University of Sao Paulo, Caixa 
Postal 2902, Sao Paulo, Brazil. 


homogenized (Waring Blendor) for 1 minute in a medium 0.25 u 
in sucrose and 10-?m in EDTA.' The pH during homogenation 
was maintained at 7.5 by means of KOH. Mitochondria used in 
all the extraction experiments were prepared as follows: the 
particles were first isolated by the method of Schneider (6, 7), 
and were then washed twice more by resuspension in 0.25 m 
sucrose and recentrifugation. The mitochondria were then 
suspended in a mixture 10-7 M in Na,HPO, and 10-* m in EDTA, 
the pH was adjusted to 5.35 by means of acetic acid, the particles 
centrifuged out for 5 minutes at 10,000 x g, and finally resus- 
pended in the above phosphate-EDTA mixture. All operations 
were carried out at 0°. Microsomes were obtained after the 
initial separation of mitochondria by bringing the supernatant 
solution to pH 5.35 with acetic acid. The particles were sedi- 
mented at 10,000 x g for 5 minutes and resuspended in the 
phosphate-EDTA solution. 

Extraction of Particles—Microsomes and mitochondria were 
extracted by the following procedures: (a) Ethanol: particles 
were suspended in 10 per cent ethanol. The suspension was 
frozen, thawed, and heated to 40°, and maintained at this 
temperature for 10 minutes. It was then rapidly chilled and 
centrifuged for 20 minutes at 10,000 x g. The precipitate was 
discarded. (6) Snake venom: particles were suspended in 5 x 
10-? m Tris-acetate buffer, pH 8.1, and treated with Naja naja 
venom according to the procedure of Strittmatter and Velick (4). 
(c) Lipase (3): particles were suspended in 5 x 10>? mM Tris- 
acetate buffer, pH 7.2, and treated with lipase (10 mg. per gm. 
of protein), for 1 hour at 37°. The suspension was chilled, then 
centrifuged for 20 minutes at 10,000 x g. The precipitate was 
discarded. (d) Pancreatin: particles were treated for 10 days 
at 0° with pancreatin, according to the method of Garfinkel (5). 
The supernatant solutions obtained by these four methods were 
then fractionated with ammonium sulfate between the limits of 
0 and 45, 45 and 70, and 70 and 95 per cent of saturation. 

Reductase and Diaphorase Determinations—Enzyme activities 
were measured in a Beckman model DU spectrophotometer, at 
room temperature (22—23°). The units for DPNH oxidation, 
with different acceptors are defined as ymoles of DPNH oxidized 
per minute; specific activity is defined as units x mg.-' of 
protein. The DPNH-ferricyanide reaction was measured at 
340 my in a 10-? m Tris-HC! buffer, pH 8.5, containing 10-4 m 
DPNH and 0.8 X 10-4 mM potassium ferricyanide. The DPNH- 
2 ,6-dichlorophenolindophenol reaction was measured under the 
same conditions, with the dye replacing ferricyanide. The 


The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; Tris, tris(hydroxymethy])aminomethane. 
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DPNH-cytochrome c reaction was measured at 550 mp in 8 X 
10-4 m histidine buffer, pH 6, containing 10-4 m DPNH and 4.7 x 
10-° m cytochrome c. Similar tests were also run with 3 « 1077 
mM cytochrome 556 added to this system. 

Determination of Cytochrome 556 or bs—The cytochrome 556 
and cytochrome b; content of soluble fractions was measured by 
the increase of absorption at 423 my, on addition of DPNH and 
in the presence of either the purified reductase (2) or the endoge- 
nous reductase in cruder fractions. The differential millimolar 
extinction coefficient (Ae,,,) of the reduced minus the oxidized 
cytochrome, at 423 my was taken as 112.1 & em.-! mmole-!,. 
This value was derived from the spectral data for the highly 
purified cytochrome presented in the first paper of this series (1). 
Quite analogous values (varying by no more than + 10 per cent) 
can also be calculated from the spectra presented by Strittmatter 
and Velick (3) as well as by Garfinkel (5) for the purified micro- 
somal cytochrome 6;, and that of Klingenberg (15) for the same 
hemoprotein in situ. The extinction coefficients for DPNH, 
cytochrome c, and ferricyanide have been cited previously (1, 2). 

Determination of Bound Cytochromes—Mitochondria were 
washed successively in water, 0.9 per cent sodium chloride, and 
water to remove bound cytochrome c (6-8, 16) and were then 
treated as described above. After acid precipitation, or acid 
precipitation plus lipase extraction, the particle suspension was 
clarified with sodium deoxycholate (4 mg. & ml.-"), and a differ- 
ence spectrum (Agithionite-reduced — Aoxidisea) Tecorded by 
means of a Cary, model 11, spectrophotometer equipped with a 
slide wire showing full-scale deflection for a value of A = 0.100. 
The content of the various cytochromes present in these cyto- 
chrome c-free preparations was then calculated by solving the 
following set of simultaneous equations: 


— SAq55 = 43.8 [a3] (1) 

SA — = 9.1 [a] (2) 

— = 15.2 [6] (3) 

— = 112 [bs] + 21.5 — 18 [a] (4) 
— = 14.3 [bs] + 17.5 [ce] (5) 


where the quantities in brackets are the millimolar concentrations 
of the respective cytochromes. This method of estimating cyto- 
chrome composition constitutes an extension and modification 
of that of Chance and Williams (13, 17), based on more recent 
values for spectra and extinction coefficients as follows:? for 
cytochrome a and a3, spectra of Smith (18), extinction coeffi- 
cients of Keilin and Hartree (19), for cytochrome 6, spectrum 
and extinction coefficients of Hubscher et al. (20), for cytochrome 
ci, spectra of Keilin and Hartree (19), and of Okunuki et al. (21), 
the extinction coefficients used are those cited by these workers; 
they are in essence identical with those given by Keilin and Slater 
(22) for cytochrome c, but with the wavelength scale displaced 
3 mu towards longer wave lengths since the Amax of the a-, B-, 
and y-bands of the reduced cytochrome have been reported at 
553 my, 523 my, and 418 my, respectively. For cytochrome 


2 It is of the essence of the method to have available exact as- 
signments for characteristic Amax and €max for each pigment for 
the measuring wavelengths selected, and accurate spectra for all 
components in order to assess their possible contribution to the 
absorbance there as well as at the reference wavelengths. The 
latter are selected such that the sum of all absorbances for all the 
components are close to zero: either because there is no absorp- 
tion or because AA (reduced — oxidized) equals zero. 
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b; = cevtochrome 556 our own values (1) which are again almost 
identical with those reported by Strittmatter and Velick (3), by 
Garfinkel (5), and by Klingenberg (15). The method was 
calibrated by the addition of known amounts of cytochromes c, 
ec, (23), and 6; to mitochondrial preparations clarified by the 
addition of deoxycholate as described. 

Other Methods—Protein content of soluble preparations was 
determined by ultraviolet spectrophotometry (24) or the biuret 
reaction (25); with turbid suspensions the latter method was 
used exclusively. RNA was extracted and measured by the 
method of Ogur and Rosen (26) or by the orcinol reaction (27), 
with good agreement between the two methods (see below). 
Paper electrophoreses were performed in an E-C (E-C Apparatus 
Company) electrophoresis apparatus, cooled to 2° + 2°, with the 
use of Whatman No. 1 paper. The cytochromes (6; or 556) were 
localized on the strips by sectioning, elution, and determination 
of electron transfer activity in a spectrophotometric assay system 
consisting of purified cytochrome 6; reductase, DPNH, and 
cytochrome c in histidine buffer. Reduction of the latter com- 
ponent as measured at 550 my is directly dependent on the 
concentration of added cytochrome bs. 

Reagents—Analytical grade dicoumarol was obtained from the 
Mann Chemical Company; Naja naja venom from Ross Allen 
Reptile Institute; lipase (steapsin) and pancreatin U.S.P. from 
Nutritional Biochemicals; DPNH and cytochrome c, purity > 
95 per cent from Sigma Chemical Company ; sodium deoxycholate 
from Fisher Scientific Company; and purified solubilized cyto- 
chrome c; through the courtesy of Dr. David E. Green and Mr. A. 
Heindel, Institute for Enzyme Research, University of Wisconsin. 


RESULTS 


Dicumarol Inhibition—Dicumarol inhibits the purified pig 
liver reductase (2). This inhibition, is more pronounced if the 
enzyme is preincubated with DPNH, and can be completely 
reversed, either by dialyzing away the inhibitor, or by separating 
the enzyme by ammonium sulfate precipitation. The inhibition 
cannot be overcome by adding FAD, boiled enzyme, or a neutral- 
ized perchloric extract of the enzyme to the enzyme-inhibitor 
mixture. 

Inhibition is independent of the enzyme concentration over a 
wide range; 2 X 10-4 m dicumarol gives rise to 42 + 2 per cent 
inhibition (Fig. 1). With a different preparation of dicumarol 
(Laboratorios Andromacho, Sao Paulo, Brazil), the extent of 
inhibition at equal concentration was consistently higher (50 + 
5 per cent at 2 K 10-4). Both preparations appeared to be 
analytically pure and no explanation can be offered for this 
difference at the present time. 

Fig. 2 shows that ethanol extracts both of mitochondria and 
of microsomes contain a diaphorase activity, which is affected by 
dicumarol. At 2 « 10-4 m Dicumarol, however, only the mito- 
chondrial enzyme is inhibited, and in this respect behaves in a 
manner similar to that reported for the purified enzyme (2). 
Mixtures of microsomal and mitochondrial extracts show strictly 
additive activities, either in the presence or the absence of the 
inhibitor. These observations provide contributory evidence for 
the mitochondrial origin of the isolated enzyme (2). 

Distribution of Reductases and Diaphorases—Table I shows the 
distribution of reductases and diaphorases in mitochondrial and 
microsomal extracts. The selected concentration of Dicumarol 
permits the calculation of the amount of both Dicumarol-sensi- 
tive and inhibitor-insensitive diaphorase units. There appears 
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to be a preponderance of the Dicumarol-sensitive enzyme in the 
mitochondria, while the situation is reversed in extracts of 
Ethanol extraction, the method employed pre- 
viously (2) for the extraction of a Dicumarol-sensitive enzyme, is 
It is to be noted that the 
values given, although indicative of the relative distributions and 
properties of the enzymes, may not be suitable either for a 
calculation of the absolute amounts of diaphorases and especially 
reductases actually present in the two cell fractions, or for a 
comparison of our values with those obtained by others for 


microsomes. 


especially effective and selective. 


DPNH-cytochrome ¢ reductases (28-32). In the first place we 
are concerned here only with the amounts of the enzymes ez- 
tractable by various agents and their properties, under a certain 
defined set of conditions and not with their total concentration 
in the particles. Secondly the cytochrome ¢ reductase activity 
measured is dependent on the amount of free (1-3) or bound (50) 
evtochrome 6s. Thus the apparent reductase activity observed 
need not bear any obvious relationship to those observed on in- 
tuct particles especially those from a different species, nor 
the maximal attainable on the addition of saturating levels of 
evtochrome bs. 

Distribution of Cytochrome 556 and b;s—In Table II data are 
presented concerning the amount of cytochromes extractable 
from mitochondria and microsomes by four different procedures. 
Both particle types yield soluble cytochromes reducible by 
DPNH with a reduced a-band at 556 my, but the actual amount 
obtained under the different conditions varies greatly. 

The mitochondria used in this investigation have intentionally 
been washed more extensively than those obtained by standard 
procedures in order to minimize the possibility of contamination 
by microsomal elements. Indeed considerable cytochrome and 
RNA is removed by this procedure as shown in Table III. 
Further washing of the mitochondria (Table III), designed to 
free these particles from adhering microsomes followed by solu- 
bilization and extraction of the potentially soluble cytochromes 
(other than cytochrome c) by means of lipase, does not lead to a 
further significant decrease of extractable cytochromes (7.¢. 
cytochrome 65). As isolated, the exhaustively washed mito- 
chondria used here have an RNA content already considerably 
lower than that reported by Hogeboom et al. (28, 29) for rat 
liver mitochondria isolated by their procedure. The amount of 
RNA actually found compares favorably with that observed in 
mitochondrial preparations isolated in a manner designed to 
minimize microsomal contamination (34-37). There also is no 
further decrease in RNA content on even more extensive washing 
(Table Thus two entities (7.e. eytochrome 6; and RNA) 
which might be considered indicative of the two main components 
of the microsomal fraction (i.e. the endoplasmic reticulum and 
the ribonucleoprotein granules) remain unaffected by the wash- 
ing procedures. 

Table IV shows a balance sheet for the cytochromes present in 
pig liver mitochondria, immediately after isolation by our proce- 
dure, after precipitation at pH 5.35 followed by freezing and 
thawing, and after extraction by lipase. It is apparent that 
this series of treatments leads to the extraction or destruction of 
the bulk of eytochromes 556 and ¢, or both, and of about 50 per 
eent of the cytochrome b present initially. Of the eytochrome 
556 removed (Columns 6 and ¢), about half can actually be shown 
to be present in the lipase extract by DPNH reduction. At the 
same time only approximately half of the total eytochromes 
(556, b, and «) and other components contributing in their 
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Fic. 1. The independence of dicoumarol inhibition on enzyme 
concentration. The standard ferricyanide assay system was used: 
varying amounts of enzyme (giving rise to a AA3qo from 0.00 to 
0.60) are incubated for 5 minutes with a mixture 0.01 m in Tris- 
hydrochloride, pH 8.5, 10-* m in DPNH, and containing the in- 
hibitor at the concentrations shown. The reaction is started by 
the addition of potassium ferricyanide to a final concentration of 
8 X 10°*m. The reaction, linear for at least the first minute, is 
followed by means of the Cary recording spectrophotometer. 
The results are plotted as 


v = AAgo (without any inhibitor) X min.~! 
vi = AAgo (with added inhibitor) * min.~! 


versus enzyme concentration as measured by v. (The relationship 
va{|Enzyme} is obeyed strictly throughout the range stated.) 
v/v; = 1.00 means no inhibition; v/v; = 2 means 50 per cent in- 
hibition. 


4.0 


3.0 


| 


min“! 


O l L l 


Fig. 2. Differential inhibition of microsomal and mitochondrial 
reductase by dicoumarol. The ferricvanide assay described in 
the text and in the legend to Fig. 1 was used. v/v; is plotted as a 
function of inhibitor concentration for the two types of enzyme. 
The Et 45-70 preparation from mitochondria and the Et 45-70 
preparation from microsomes (Table I) provided the sources of 
the enzyme used. Curve 1, mitochondrial enyzme; Curve 2, mi- 
crosomal enzyme. 


reduced form (by dithionite) to the absorbancy at 423 or 556 mu 
in these extracts are actually reducible by DPNH and can thus 
be equated with cytochrome 556.2. The reducing agent ordinarily 


* This observation also indicates that any cytochromes 6 and 
c, or mitochrome extracted by these methods are not reducible by 
DPNH plus cytochrome 6; reductase, either directly or by inter- 
mediation of cytochrome bs. 
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TABLE I 
Reductase extracted from different procedures from cell fractions 
Enzyme units 
| | Cytochrome c 
Fraction Ferricyanide | | 
2,6 DCPI* 
i (3.0 x 
Dice INs* | 107 
Mitochondria 
Et 45-70 186 | 0 («48 | 0.9 46.7 
Et 70-95 12.9 m5: 3 0.1 
Et total 198.9 23.1 21 —«0.9 47.2 
Sv* 0-45 241 96 27 | 0.7 | 14.5 
Sv 45-70 36 8.5 6.5 0 29.3 
Sv 70-95 6.5 12.8 4 | 0.3 
Sv total 283.5 117.3 37.5 0.7 44.1 
Li* 0-45 10.8 13.7 6.5 0.1 0.1 
Li 45-70 25 30 17 1.2 1.7 
Li 70-95 32.4 8.1 6.2 1.4 
Li total 68.2 51.8 29.7 1.3 3.2 
Microsomes 
j 
Et 0-45 0 0 
Et 45-70 9 | 0.4 |; 1.6 
Et 70-95 3.8 95.2 3.8 | 0.1 
Et total 12.8 128.2 7.8 0.4 | Ry 
Sv 0-45 33.4 31.4 0 0.6 1.8 
Sv 45-70 13 266 4.2 1.7 9.7 
Sv 70-95 0 0.3 2.3 0.2 
Sv total 46.4 297 .7 6.5 | 2.3 11.7 
Li 0-45 0 27 06 01 | 0.2 
Li 45-70 2 | 7 0.4 
Li 70-95 0 | 2.8 0.1 | 0.1 
Li total 2 | 36.8 2.3 | 0.2 0.7 


*The abbreviations used are: DIC, Dicumarol-sensitive units 
(at 2.0 * 10-4 m inhibitor); INS, Dicumarol-insensitive units 
(calculated as shown below); 2,6-DCPI, 2,6-dichlorophenol- 
indophenol units; Et, ethanol extraction; Sv, snake venom extrac- 
tion; Li, lipase extraction. Experimental procedures for isola- 
tion, extraction, and assay are described in the text. All values 
are expressed as ymoles of DPNH-oxidized per gm. of protein in 
the original fraction. 


total ferricyanide units — units in presence 


of 2 X 10°*m Dicumarol 


= 0.42 


INS = total ferricyanide units — DIC. 


used here in the determination of the particulate cytochromes is 
dithionite. Thus the band at 423 my which forms the basis for 
the estimation of cytochrome 556 may show contributions by 
additional, nonspecific entities, notably mitochrome or similar 
pigments known to be present in mitochondria (17, 38). Several 


factors militate against assigning a sizable contribution by these 
entities: the relatively good conversion of the particulate to the 
soluble form of cytochrome bs by lipase treatment (Tables I and 
IV) and the fact that in one run at least, DPNH alone (at 10-4 m) 


Cytochrome bs from Pig Liver Mitochondria 


Vol. 234, No. 7 


Tas_e Il 
Amounts of cytochrome 556 extracted from cell fractions 
by different procedures 
Extraction procedures and assay methods (i.e. reduction of 
DPNH) are described in the text. The values shown are from 
the same preparation also used for the measurement of the data 
of Table I. 


| | 1.0 gm. protein 


\ rived from 
Procedure 

Mitochondria Microsomes 
Ethanol. . 3.7 8.0 
53.5 77.0 
Naja venom .... 11.3 3.2 
Pancreatin. . 42.0 | 82.0 


Effect of repeated washings on cytochrome and RNA 
content of mitochondria 


Here preparation (a) is a standard preparation of washed 
mitochondria obtained by the method of Schneider (6-8). Prepa- 
ration (b) is washed two additional times by resuspension and 
recentrifugation in sucrose and constitutes the standard preparation 
used in this investigation. Preparation (c) was obtained from 
preparation (6) by two additional washing cycles in sucrose. All 
values for cytochrome content are calculated from measurements 
of DPNH-reducible pigment in a lipase extract, prepared as 
described in the text. 


RNA 
Orcinol 
mymoles mem. PX 
gm. N gm. N 
(a) Washed mitochondria...... 305 10.01 
(6) Preparation (a), washed 2 additional | 
times... | 181 §.9 5.4 
(c) Supernatants (pooled) in converting 
(a) to (b)...... 122 3.6 
(d) Preparation (6), washed 2 additional 
times. | 141 5.4 5.6 
(e) Supernatants (pooled) in converting 


produced about 80 per cent of the A ws observable on complete 
reduction with dithionite. Furthermore the mitochrome pig- 
ment(s) are reported to be formed to a large extent as a result of 
extensive aging and transformation of cytochromes (39). One 
further point may be worthy of mention: it is evident that the 
appearance of a reduced band in the 553 to 556 my region in 
dithionite-reduced, particulate preparations from mammalian 
livers is probably due to the presence of both cytochromes ¢ 
and bs. 

Comparison of (Mitochondrial) Cytochrome 556 and (Microsomal) 
Cytochrome b;—Both cytochromes have identical spectra; they 
are also indistinguishable from those reported previously (1). 
They are not reduced by cysteine, in contrast with rabbit cyto- 
chrome 6s (3). Table V shows that equal concentrations of 
mitochondrial and microsomal cytochromes are equally effective 
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as carriers between purified pig liver reductase (1) and cyto- 
chrome c. 

On paper electrophoresis both cytochromes show identical 
mobilities in buffers adjusted to pH 6.5, 7.0, and 7.85, under 
applied fields of 300 to 400 volts, over periods of 5 to 8 hours. 
Actual mobilities (6.5 hours, 300 volts in phosphate buffer 0.10 
m): pH 7.0, 6.4 em.; pH 7.85, 7.5 em. 


DISCUSSION 


The first point to be assessed is to obtain an estimate of possible 
microsomal contributions to the mitochondrial preparation used 
here. In view of the considerations mentioned in the introduc- 
tion any conclusion reached must remain highly tentative. 
Sickevitz and Watson (37) have stated, on the basis of morpho- 
logical and biochemical studies that “‘true’’ mitochondrial RNA 
of rat liver may amount to only 40 to 50 per cent of the value 
found in their preparation, 7.e. 0.4 x 7.0 mg. of RNA per gm. of 
protein = 2.0 mg. of RNA per gm. of protein. Our own data 
(Table IIL) indieate 5.5 K (1/6.1 0.083) mg. of RNA per gm. 
of protein = 10.9 mg. of RNA per gm. of protein. Now if we 
assume (a) that liver mitochondria of different species contain 
the same proportion of RNA, (6) that excess RNA is indicative 
and representative of microsomal contamination (i.e. that the 
ribonucleoprotein granules and the fragmented endoplasmic 
reticulum become attached to mitochondria to the same extent) 
and (c) that the liver microsome fraction of different species has 
roughly the same composition with respect to protein, RNA, and 
cytochrome bs, then we may estimate the amount of 5; contrib- 
uted by microsomes: 10.9 mg. of microsomal RNA corresponds 
to (3.22/2.92) K 10.9 mg. = 12.0 mg. of microsomal protein 
(40). In turn these 12.0 mg. of contaminating microsomal 
protein per gm. of mitochondrial protein correspond to 12.0 x 
1.1 X 10 mumoles (11) of adsorbed microsomal cytochrome b; = 
13.2 mumoles K gm.-' or only about 12 to 15 per cent of the 
total cytochrome 556 found routinely in our particulate prepara- 
tions. 

The second question concerns the approximate stoichiometry 
of the components studied here to others known to participate 
in electron transport by mitochondrial preparations. As shown 
in Table IV in those of pig liver at least, cytochrome bs is present 
in amounts equivalent to those for other members of the cyto- 
chrome chain. Some estimate er the amount of dia- 
phorase-cytochrome 6; reductase can ,be obtained from the data 
of Table I and those published by us d) concerning flavin content 
and specific activity of the purified enzyme obtained from similar 
preparations: a minimum of 200 units of Dicumarol-sensitive 
diaphorase activity is extracted by ethanol per gm. of mitochon- 
drial protein. This corresponds to approximately 0.85 mg. of 
the purified enzyme with a minimal molecular weight (FAD 
basis) of 7 X 104, or 12 mumoles X gm.-! of mitochondrial 
protein. 

Finally we need to consider the possible role of this system in 
mitochondrial electron transport in liver. It has been recognized 
for several years (41, 42) that the systems responsible for the 
oxidation of DPNH by cytochrome c (or ferricyanide) in isolated 
liver mitochondria appear to be more complex than the corre- 
sponding ones in heart. With intact mitochondria two systems 
appear to be operative (for recent reviews see (43, 44)): one that 
has been called the “internal’’ pathway is responsible for the 
oxidation of intramitochondrial DPNH generated by the pyri- 
dinoproteins of the particle in the presence of appropriate sub- 
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IV 
Cytochrome content of isolated pig liver mitochondria 


Pig liver mitochondria were isolated and washed by the pro- 
cedure of Schneider (6). They were then subjected to two addi- 
tional washings with sucrose, then once with distilled water, 
once with 0.9 per cent NaCl and once again with water in order 
to remove solubilizable or adsorbed cytochromes. Cytochrome c 
was estimated in the pooled water and NaCl washes spectrophoto- 
metrically by reduction with DPNH and cytochrome reductase. 
The mitochondria were then suspended in phosphate buffer (frac- 
tion a), precipitated at pH 5.35, resuspended, frozen, and thawed 
in Tris-acetate, pH 7.2 (fraction 6), and extracted with lipase 
(fraction c). All other details, and the method used for the 
estimation of cytochromes are described in the text. 

Values of cytochrome content are expressed as myumoles per 
gm. protein in the mitochondrial suspension. 


mugmoles found in 
fraction 
Component Mole ratio in (a) 

(a) (6) | (ce) 
Cytochrome a;... 212 | 182 | 183 2.9 
Cytochrome . 151 | 107 75 2.1 
Cytochrome 556..... 91 97 9 1.3 
Cytochrome c;............. | 71 | 30 1 1.0 
Cytochrome c extracted. . | | 43 0.61 
Total cytochrome 556 removed. 88 
Total cytochrome 556 found (UPNH reduc- 

Total cytochrome reducible by Na.S.0,..... 79 


TABLE V 


Equivalence of cytochromes 556 (isolated from mitochondria) 
and of cytochrome bs; (from microsomes) 
as electron carriers 


Cytochrome added SA 580 
pmoles 

6 X 10-3 cytochrome 556.................... 0.040 
6 X 10°* cytochrome b; .. 0.040 
3 X cytochrome 556................... 0.020 
3 X 10-3 cytochrome b; 3 x ecyto- 


Reduction of cytochrome c was measured in an assay system 
containing in 2.5 ml.: 100 wmoles of Tris-hydrochloride buffer, 
pH 8.0; 2.0 mg. of cytochrome c, 200 ug. of DPNH, and 1.0 ug. of 
purified cytochrome 556 reductase (2) of specific activity 100. 
All reactions were measured by means of the Cary model 11 
recording spectrophotometer with 0 to 0.1 slide wire; reaction 
rates were linear with time. 


strates; it is sensitive to antimycin A (41, 42, 45) and Amytal 
(45, 46), gives rise to oxidative phosphorylation (17, 41, 42, 47), 
and is ordinarily inaccessible to added, extramitochondrial 
DPNH (13, 17); its cytochrome components are not reduced by 
the addition of DPNH to intact mitochondria (17). The other 
has been called the “external” pathway. It is responsible for 
the oxidation of added DPNH, is insensitive to inhibition by 
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antimycin A and Amytal, is nonphosphorylating, and resembles 
in this and other respects the cytochrome };-linked pathway for 
DPNH oxidation localized in the microsomes (14, 30-32, 40, 43, 
44). On changing the permeability of the mitochondria, e.g. 
by aging or treatment with distilled water, or both, the “internal” 
pathway also becomes accessible to added DPNH (28, 29, 31, 
41, 42, 45). It would appear from the present studies, that the 
system reported here and in our earlier papers may constitute 
the solubilized components responsible for the oxidation of 
DPNH by the ‘external’ pathway in the preparations referred 
to above. Although microsomal contamination (13, 17, 48) 
may contribute, in the light of the results reported here a true 
mitochondrial pathway of this sort may indeed exist (cf. also 
discussion in (31, 43, 44)). 

A rather striking and quite unexpected corollary of our results 
(cf. Table I) is the fact that although it is relatively easy to 
prepare soluble diaphorases from liver particulates (see also (49)) 
(equivalent in some part at least to cytochrome 6;-linked cyto- 
chrome c reductases (50)), no direct DPNH-cytochrome c reduc- 
tase could be detected in any of the soluble extracts prepared 
by us. In addition to the methods cited here, attempts at 
extraction or solubilization of an enzyme of this type were made 
by means of ethanol, isopropanol, n- and isobutanol, acetone, 
digitonin, deoxycholate, various detergents, and alkali, all with- 
out any indication of success whatever. Similar results were 
also obtained with rat liver, where all fractions containing appar- 
ent cytochrome c reductase activity could easily be shown to be 
dissociated into two components by means of ammonium sulfate 
fractionation with one component being cytochrome 6; and the 
other its reductase (1, 2).4 

It is perhaps not reasonable to expect a simple reductase to 
link DPNH and cytochrome c, now that it is firmly established 
that in liver, as in heart mitochondria the pathway between these 
two entities includes in addition at least cytochrome 6 and 
cytochrome ¢ (17, 43, 44). Nevertheless, whatever the nature 
of their “physiological” electron acceptor, both a DPNH-cyto- 
chrome c reductase (51-53), as well as a diaphorase (54-56) can 
be extracted and purified from pig heart particles. It may be, 
and has been argued, that the former enzyme has been altered 
during its extraction to become non-specific with regard to its 
electron acceptor and only for this reason reacts with added 
cytochrome c, a “physiological dye” (43, 44, 52, 53, 57-60). Yet 
we have been unable to observe significant reduction of either 
eytochrome 6; or solubilized eytochrome c; by this enzyme,* nor 
:s the pure pig heart diaphorase capable of reducing cytochrome 
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b; (55). These observations may point out a real and significant 
difference in the properties of some of the enzymes responsible 
for the oxidation of DPNH, and their link to the succinoxidase 
chain in liver as contrasted to heart. In this context it may not 
be inappropriate to recall that the antimycin A-sensitive DPN H- 
oxidase of heart muscle mitochondria (i.e. the totality of this 
enzyme in the tissue) is associated with fragments of the mem- 
brane of these particles (61, 62), while a membrane preparation, 
obtained from liver mitochondria by deoxycholate treatment is 
completely devoid of this enzyme (37). 


SUMMARY 


The extraction of a four times washed mitochondrial prepara- 
tion from pig liver by means of ethanol, lipase, pancreatin, and 
Naja naja venom leads to the solubilization of varying amounts 
of cytochrome 556, and of a reduced diphosphopyridine nucleo- 
tide (DPNH)-oxidizing enzyme activity able to link to ferri- 
cyanide and to this cytochrome. 

Analogous results are also obtained by extraction of micro- 
somes from the same source but this DPNH-oxidizing enzyme 
appears to differ in its sensitivity to low concentrations of 
Dicumarol. 

Analyses of the washed cytochrome c-free mitochondrial prepa- 
ration for ribonucleic acid, cytochrome 556, cytochrome 5, 
evtochrome c, cytochrome c (from the washings), cytochrome a, 
and cytochrome a3 are presented. It is concluded that cyto- 
chrome 556 is present in equimolar concentration to the other 
eytochromes, and that 50 per cent or more of the amount of this 
pigment originally present in the particles can be extracted by 
means of lipase. 

Evidence is presented for the identity of this component and 
the cytochrome bs; obtained from pig liver microsomes. Both 
cytochromes function with equal efficiency in the oxidation- 
reduction system: DPNH — reductase — cytochrome 556 or 
cytochrome 6; — eytochrome c. 

The possible extent of microsomal contamination in the prepa- 
ration used and the role of the reductase-cytochrome 6; system 
in mitochondrial electron transport as components of the “‘ex- 
ternal,’ nonphosphorylating pathway are discussed. 
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Extensive studies by numerous workers have served to char- 
acterize the reduced diphosphopyridine nucleotide and succinic 
oxidase systems as important enzymatic pathways in the terminal 
respiratory chain of mammalian tissue [see reviews by Chance 
(1) and Slater (2)]. These systems have been shown to consist 
of an integrated complex of components including flavins, various 
cytochromes, metal ions, and lipide constituents. Recent ex- 
periments in this laboratory have implicated vitamin E as a co- 
factor of the cytochrome c reductases derived from the mito- 
chondria of rat skeletal and beef heart muscle tissues (3-6). 
Tocopherol was indicated to act at a level between cytochromes 
b and c and to reverse competitively the inhibition by antimycin 
A (4). 

Less attention has been devoted to the properties and sig- 
nificance of TPN-cytochrome c reductase first purified and char- 
acterized from animal tissues (pig liver) by Horecker as a solu- 
bilized FAD-enzyme highly specific for TPNH (7). More 
recently Phillips (8) investigated a TPN-cytochrome c reductase 
occurring principally in the microsomal rather than in the mito- 
chondrial fraction of rat liver. Neither of these preparations was 
studied with regard to a possible vitamin E requirement nor to 
an effect of antimycin A or somewhat similar inhibitors on this 
system. Kaplan et al. (9) suggested an indirect pathway of 
electron transport from TPNH in liver mitochondria via trans- 
hydrogenase and DPNH-linked systems, and Talalay and Wil- 
liams-Ashman (10) implicated steroid hormones as electron 
carriers in the transhydrogenase system. 

The present work describes the purification and characteriza- 
tion of a specific TPN-cytochrome c reductase from bovine heart 
muscle tissue which is insensitive to antimycin A. In addition 
to the apparent lack of a tocopherol requirement other evidence 
is presented to show that the pathway of electron transport 
between TPNH and cytochrome c is different from the DPNH- 
cytochrome c reductase isolated from the same source. 


EXPERIMENTAL 


Cofactors and Other Substances—TPNH of 80 per cent purity, 
DPNH of 90 to 95 per cent purity, horse heart cytochrome c, 
90 to 100 per cent, FAD, and riboflavin phosphate were obtained 
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from the Sigma Chemical Company. Solutions of the reduced 
pyridine nucleotides were assayed spectrophotometrically with 
the value, 6.24 10° cm. per mole as the extinction coefficient 
at 340 my (11). Antimycin A and sodium Amytal were sup- 
plied by the Wisconsin Alumni Research Foundation and Eli 
Lilly Company, respectively; the compound, 4-hydroxy-n-hepty] 
quinoline N-oxime, was kindly provided by Dr. Britton Chance. 

Assay Procedures—All assay procedures were carried out at 22- 
25° with a Beckman DU spectrophotometer and cuvettes of 1 
em. light path. 

Cytochrome c Reductases—The reaction mixture of 1.0 ml. final 
volume was routinely composed of the following: 0.05 ml. of 
enzyme, 0.1 ml. of 0.01 m KCN, 0.1 ml. of 2 per cent aqueous 
cytochrome c, 0.50 ml. of 0.05 m Tris' buffer, pH 7.6, and 0.25 
ml. of TPNH containing 3.85 wmoles per ml. In the fractiona- 
tion and preliminary experiments, nonsaturating amounts of 
TPNH varying from about 0.25 to 0.35 umole were used in the 
assay. The TPNH was added at zero time, and the increase in 
optical density at 550 mu was measured at 30-second intervals 
for 3 minutes. A unit of enzyme activity was defined as that 
amount of enzyme which caused an increase in log J9/I of 0.001 
in the interval from 30 to 90 seconds, all values being corrected 
for the endogenous rate without added TPNH. Under these 
conditions the rate of cytochrome c reduction was directly pro- 
portional to the enzyme concentration (Fig. 1). With the use 
of the above reaction mixture and assay method, the DPN and 
succinate cytochrome c reductases were also determined by 
substituting in place of TPNH, 0.1 ml. of DPNH (1.15 umoles 
per ml.) or 0.1 ml. of 0.1 mM sodium succinate and an appropriate 
increase in buffer volume. Specific activity was defined as units 
of enzymatic activity per mg. of protein. Protein concentration 
was determined by the procedure of Lowry et al. (12) with 
crystalline human serum albumin as the standard. 

TPNH Oxidase—The reaction mixture for this assay consisted 
of the following: 0.05 ml. of enzyme, 0.05 ml. of 2 per cent 
aqueous cytochrome c, and 0.70 ml. of 0.1 mM phosphate buffer at 
pH 7.5. Upon the addition of 0.20 ml. of TPNH (5.5 umoles 
per ml.) changes in optical density at 340 my were recorded at 
l-minute intervals for 5 minutes. A concomitant control 
reaction without added cytochrome ¢ was also measured. 

TPN-Glutathione Reductase—To 0.1 ml. of 0.1 Mm oxidized 
glutathione were added 0.05 ml. of enzyme, 0.60 ml. of 0.1 m 
phosphate buffer, pH 7.5, and 0.20 ml. of TPNH (5.5 umoles per 
ml.). The decrease in optical density at 340 mu was determined 
at 30-second intervals for 5 minutes. 


1 The abbreviation used is: Tris, tris(hydroxymethy])amino- 
methane. 
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RESULTS 

Purification of Enzyme—aAll steps of the purification procedure, 
summarized in Table I, were carried out at 0—4°. 

A sample of beef heart obtained from a freshly killed animal 
and frozen until use was homogenized in a Waring Blendor with 
5 times its weight of 0.1 m phosphate buffer, pH 7.5, followed by 
homogenation in a TenBroeck tissue grinder. The homogenate 
was centrifuged at 18,000 x g for 30 minutes, with the resulting 
supernatant solution (Fraction 1) containing 20 to 60 per cent 
of the total TPN-cytochrome c reductase activity. Recentrif- 
ugation of Fraction | in a Spinco ultracentrifuge at 105,000 x« g 
for 60 minutes yielded a supernatant solution (Fraction 2) with 
slightly more activity than that of the previous fraction. The 
addition to Fraction 2 of ammonium sulfate to 60 per cent 
saturation and dilute ammonium hydroxide to maintain the pH 
near 7 gave a precipitate which was then dissolved in a volume 
of 0.1 mM phosphate buffer, pH 7.5, one-third that of Fraction 2. 
This was dialyzed for 3 to 4 hours against distilled water to 
vield Fraction 3 with a 2-fold greater specific activity compared 
to the previous fraction. In a typical experiment, 10 ml. of 
Fraction 3 containing 89 mg. protein were stirred intermittently 
for 20 minutes with an equivalent dry weight of calcium phos- 
phate gel (aged 9 months or more) previously concentrated by 
centrifugation in order to minimize dilution of the enzyme. The 
supernatant solution (Fraction 4) after centrifugation at 1,000 x 
q for 10 minutes possessed 70 per cent of the enzyme units with 
a 2-fold increase in specific activity. The TPN-cytochrome c 
reductase of Fraction 4 was completely adsorbed to another 
aliquot of concentrated gel equivalent to 300 mg. dry weight and 
quantitatively recovered by successive elution for 15-minute 
periods with 3- to 4-ml. aliquots of water (1st eluate), 0.05 m 
phosphate buffer, pH 7.5 (2nd, 3rd, and 4th eluates), and 0.1 
mM phosphate buffer, pH 7.5 (5th eluate). The pooled 3rd and 
4th eluates (Fraction 5) contained the highest specific activity, 
representing an over-all 30-fold purification and 42 per cent 
recovery of the original total activity. Preparations of Fraction 
5 which were not as highly purified as expected, could be im- 
proved at least 2-fold by repeating the earlier negative calcium 
phosphate gel adsorption step. Fraction 5, which was used for 
all characterization studies, had a 280/260 my absorbance ratio 
of 1.50 equivalent to 0.5 per cent nucleic acid. 

The most highly purified enzyme preparation had a turnover 
number of 3 assuming a molecular weight of 100,000 for the 
TPN-cytochrome ¢ reductase and with the extinction coefficient 
for reduced cytochrome ¢ of 2.8 & 107 cm.? per mole (13). This 
is about TY the value, 1140, reported for the liver TPN-cyto- 
chrome ¢ reductase which had been purified 1400-fold (7). How- 
ever, the enzyme in the present study was purified about TY 
that of the liver preparation. Hypothetically, then, an equiv- 
alent purification of the bovine heart enzyme would bring the 
turnover number to about the same value as indicated for the 
liver TPN-cytochrome c reductase. 

Stability of Enzyme—No loss of activity was detectable in any 
of the enzvme fractions of varying degrees of purity when stored 
for several weeks at —15°. At 4° all fractions were completely 
stable for at least 5days. Exposure of the enzyme for 5 minutes 
to 50, 70, and 100° resulted in a decrease in activity of 40, 62, 
and 100 per cent, respectively. The enzyme was stable to 


dialysis against water, 0.01 Mm phosphate buffer, pH 7.5, or 0.005 
M ethvlenediaminetetraacetic acid in phosphate buffer for 4 hours 
at 4°. 
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Fic. 1. Proportionality of concentration of enzyme to cyto- 


chrome c reduction. Enzyme assay as described under ‘‘Experi- 
mental.’’ 


TABLE I 
Purification of TPNH -cytochrome c reductase from beef heart muscle 


Total Total Specific 
Fraction No. units* protein activity Recovery 
units per 
meg. protein 


1 Supernatant solution 18,000 

2 Supernate, 105,000 g 193,000 
3 Precipitate, 60 per cent 


| 1,780 76 SS 

4 Supernate, Ca;(PO,4)2 gel. 96,000 785 134 62 

Ist Ca;(PO,)2 gel eluate 0 0 

2nd Ca;(PO,)2 gel eluate...) 11,500 46 250 

3rd Ca;(PO,)2 gel eluate. | 32,500 43 760 

4th Ca;(PO,4)2 gel eluate — | 32,500 40 820 

5th Ca;(PO,)2 gel eluate | 39,300 Q4 420 
5 Combined 3rd and 4th elu- 


65,000 83 | 780 42 


* NE ssomy 10° per minute 


Other Enzymes Present—In the most highly purified fractions 
no detectable DPN-cytochrome ¢ reductase could be found with 
usual amounts of enzyme or with 5 times greater quantities. 
These fractions were also devoid of succinate-cytochrome c 
reductase and TPN-glutathione reductase activity. The TPNH 
oxidase activity without added cytochrome ¢ was negligible, but 
was detectable with added cytochrome c. 

pH Optimum—As shown in Fig. 2, the enzymatic activity 
exhibited a broad maximum in the region of pH 7.2 to 8.4 with 
Tris buffer (0.05 m), whereas phosphate (0.1 m) gave a 50 per 
cent lower but sharper maximum around pH 7.3. The activity 
in pyrophosphate buffer was of the same order as in phosphate 
solution but with a maximum at pH 7.5. 

Pyridine Nucleotide Affinityj—TPNH appears to be quite 
specific as the hydrogen donor for this enzyme (Fig. 3). Al- 
though DPNH has some effect, the activity was very low and 
was not increased with 5 times greater amounts of enzyme. 
The dissociation constant of the TPNH-enzyme complex as 
estimated from the curve is 1.9 K 10-4 Mm. 
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Cytochrome c Affinity—The effect of cytochrome ¢ concentra- 


_ tion on the rate of cytochrome c reduction is shown in Fig. 4. 

me . The dissociation constant of the complex as estimated from the 

Bg, graph is 4.0 K 10-* om indicating a relatively high affinity of the 

TRIS enzyme for cytochrome c. Because of the rapid reduction of 

low concentrations of cytochrome c, the initial reaction rates at 
those levels were difficult to assess accurately. 


Flavin Effects—FAD and riboflavin phosphate at final con- 
centrations of 10~‘ m failed to stimulate enzymatic activity when 
preincubated with purified fractions previously dialysed for pro- 
longed periods under various conditions or precipitated with 
ammonium sulfate at acid pH. 

Effect of Metals, Metal-binding Agents, and Other Inhibitors— 
Fe** and Cu** at a final concentration of 10-4 m and Zn** and 
N Hg** at 10-* m inhibited 50 per cent of the TPN-cytochrome c 
reductase activity under standard assay conditions, while Co** 
at 10-4 m inhibited 20 per cent. The following ions were found 

Fig. 2. Effect of pH on activity of TPN-cytochrome c reduc- to have no effect at 10-4 m; Fe+**+, Mn++, Cat+, Mg**, Ba**, 
tase. The standard assay system was used with purified enzyme orate, oxalate, citrate, and molybdate. The enzyme was in- _ 
(95 ug. of protein). sensitive to ethylenediaminetetraacetate, a,a’-dipyridyl, and } 
azide at final concentrations of 10-* m, whereas it was inhibited ) 
by 8-hydroxyquinoline at 10-4 p-Chloromercuribenzoate at 

TPNH M was also without effect. 

° ° Several known inhibitors of electron transport were examined. 
06+ The addition of 0.3 ug. of antimycin A, sodium Amytal, or 4- 
hydroxy-n-heptyl quinoline V-oxime to the standard reaction 
( 

( 
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° mixture did not alter the enzymatic rate. This amount of the 
4 Va various compounds was 10 to 100 times the quantities required 
to inhibit significantly DPN-cytochrome c reductase. Although 
5 or more extractions with isooctane (4) finally decreased TPN- 
/ cytochrome c reductase by approximately 50 per cent, the addi- < 
‘ tion of a-tocopherol failed to restore activity. The inactivation i 
DOPNH by isooctane extraction is probably due to a denaturation of the 
— enzyme and is similar to that observed with the TPN-cytochrome 
c reductase of liver (4). 
10) 3.9 7.7 11.6 
REDUCED PYRIDINE NUCLEOTIDE Mx10-* DISCUSSION 
Fia. 3. Effect of reduced pyridine nucleotide concentration on Heart muscle TPN-cytochrome ¢ reductase deseribed in the 
activity of TPN-cytochrome ¢ reductase. The assay described present paper differs in several respects from the liver enzyme 
was used with purified enzyme (95 ug. of protein) and DPNH or studied by Horecker (7) and Phillips (8). First, the former 
TPNH at the final concentrations indicated. 
system is obtained in soluble form from fresh heart homogenates 
fractionated according to the procedure of Hogeboom (14). ' 
However, the possibility has not been eliminated that this en- f 
zyme preparation is a solubilized modified form of an originally 
° ‘) particulate enzyme. It also appears in the supernatant solution 
of frozen heart preparations after centrifugation at 105,000 x g 1 
for 1 hour. The same enzyme in liver, however, is associated 
with the mitochondria or microsomes. Secondly, the heart 1] 
muscle TPN-cytochrome c reductase in contrast to that in liver 
described by Phillips was stable to dialysis against a variety of 
buffer solutions. Thirdly, the addition of p-chloromercuri- 
benzoate, which increased the activity of the latter enzyme by 
30 per cent, neither inhibited nor stimulated the activity of the 
heart enzyme. 
A present conception of terminal respiration is the transport of 
electrons from DPNH — flavoprotein — cytochrome 6 — cyto- 
CYTOCHROME C MxI07* chrome c — cytochromes a + a3; — oxygen. Kaplan et al. (9) 
4 have presented evidence in support of the idea that the oxidation 


Fig. 4. Effect of cytochrome c concentration on activity of 7 
TPN-cytochrome c reductase. The assay described was used with of TPNH is mediated via the above pathway through the on 
purified enzyme (95 yg. of protein) and cytochrome c at the final tetvention of transhydrogenase enzymes. The separation of 
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concentrations indicated. TPN-cytochrome ¢ reductase from associated respiratory en- 


t 


July 1959 


zymes, such as DPN- and succinate-cytochrome c reductases, 
suggests that this enzyme may possibly function independently 
of the above schemes. Furthermore, a different role is sug- 
gested, since a decreased oxidative phosphorylation (P:O less 
than 1) has been reported to be associated with the TPNH 
pathway when transhydrogenase was suppressed by use of DPN- 
depleted mitochondria (15, 16). 

The treatment of particulate heart muscle preparations with 
antimycin A has been shown to inhibit the reduction of cyto- 
chrome c by DPNH or by succinate through interference with 
the transfer of electrons from cytochrome 6 to cytochrome c (17). 
DPN-cytochrome c reductase prepared in this laboratory by 
relatively mild fractionation procedures such as digitonization 
and gel adsorption retain this sensitivity, which can be reversed 
by the addition of vitamin E (4). On the other hand, prepara- 
tions solubilized by more extreme procedures involving alcohol 
are no longer inhibited by this compound (18, 19). These find- 
ings have served in part as a basis for interposing cytochrome b 
between flavoprotein and cytochrome c in the sequence of elec- 
tron transport. They also suggest that aleohol-solubilized DPN- 
cytochrome c reductase is now radically modified and no longer 
reflects the true electron transport system in cells. In the present 
study TPN-cytochrome c reductase purified by relatively gentle 
procedures was found to be uninhibited by antimycin A and by 
other inhibitors of steps preceding cytochrome c, and to be un- 
responsive to vitamin E, thereby suggesting a different pathway 
of terminal respiration for this enzyme that does not involve 
evtochrome 6 or vitamin E. 

Further distinguishing characteristics of the TPN enzyme in 
contrast to its DPN counterpart from heart muscle are its in- 
sensitivity to pyrophosphate and p-chloromercuribenzoate and 
its 25-fold greater affinity for cytochrome c. A difference in 
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affinity for calcium phosphate gel was also noted in that TPN- 
cytochrome ¢ reductase required 8 to 10 times more gel for 
complete adsorption. 


SUMMARY 


The partial purification and characterization of a triphospho- 
pyridine (TPN)-cytochrome c reductase in bovine heart muscle 
is described. Unlike similar enzymes isolated from particulate 
fractions of liver, this enzyme was purified from the 105,000 x g 
supernatant fraction of homogenized frozen heart tissue. Frae- 
tionation by ammonium sulfate and calcium phosphate gel pro- 
cedures resulted in a 30-fold purified fraction that was essentially 
devoid of diphosphopyridine nucleotide- and succinate-cyto- 
chrome ¢ reductase activities. Furthermore, TPNH oxidase in 
the absence of cytochrome ¢ and TPNH-glutathione reductase 
were not detectable. All fractions in the purification procedure 
were stable to dialysis and to storage at —15° for several weeks. 
The enzymatic activity in tris(hydroxymethyl)aminomethane 
buffer showed a broad pH optimum from 7.2 to 8.6 and was 
twice as high as in phosphate or pyrophosphate buffers, which 
showed sharper optima around pH 7.4. The enzyme was in- 
hibited by Fe*+*+, Cut*, Zn**, and Hg*+ ions and by 8-hydroxy- 
quinoline. However, ethylenediaminetetraacetate, a@,a’-di- 
pyridyl, azide, and p-chloromercuribenzoate as well as flavin 
adenine dinucleotide and riboflavin phosphate had no effect. In 
addition, high concentrations of known electron transport in- 
hibitors, antimycin A, Amytal, and 4-hydroxy-n-heptyl N-oxime 
did not inhibit, nor did a-tocopherol stimulate the activity of 
aged or isooctane extracted preparations. The characteristies of 
TPN H-cytochrome ¢ reductase are discussed in regard to other 
similar respiratory enzymes in heart muscle. 
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It is well established that photosynthetic bacteria are capable 
of producing both oxidation and reduction reactions at the cellu- 
lar level under the influence of light. For example, Chromatium 
cells oxidize sulfide to sulfate when illuminated under anaerobic 
conditions, and all photosynthetic bacteria are capable of re- 
ducing carbon dioxide to form cellular constituents under the 
influence of light (1). Evidence for a coupled photochemical 
reduction of pyridine nucleotides by Rhodospirillum rubrum 
chromatophores has been reported (2), in which case the photo- 
reduction of TPN was coupled to an enzyme system capable of 
removing TPNH as it was formed. A more definitive series of 
experiments conducted by Frenkel (3) revealed that chromato- 
phores were capable of photoreducing DPN with an accumulation 
of DPNH, as shown by optical density changes at 340 mp. The 
experiments reported here represent an extension of the work by 
Frenkel, in which the preliminary experiments of Frenkel are 
confirmed and extended to give more detail concerning the photo- 
reducing system contained in R. rubrum chromatophores. 


EXPERIMENTAL 


R. rubrum (strain S1) was cultured as previously described (4). 
The cells were used directly after harvesting or after storage in 
the frozen state. The cells were washed once in 0.04 m Tris! 
buffer, pH 7.4, after which 10 gm. of cells were suspended in 50 
ml. of the Tris buffer to which sucrose was added to 10 per cent, 
and the cells ruptured by sonic oscillation in a 10 ke. Raytheon 
magnetostriction oscillator for 3 minutes. The resultant extract 
was centrifuged at 20,000 x g for 10 minutes at 0°, the sedi- 
mented material discarded, and the supernatant fluid recentri- 
fuged at 60,000 x g at 0°. The pellet so obtained was re- 
suspended in a like volume of the Tris-sucrose solution and 
recentrifuged at 60,000 « g. The washed chromatophores? were 
suspended in a smaller volume of the Tris-sucrose solution (ap- 


* This investigation was supported by a research grant (No. 
E917 C) from the National Institute of Allergy and Infectious 
Diseases, National Institutes of Health, United States Public 
Health Service. 

1The abbreviation used is: Tris, tris(hydroxvymethy])amino- 
methane. 

2 Although the procedure emploved was expected to vield 
chromatophores, a personal communication from Dr. A. Frenkel 
reports that sonic oscillation in 0.2 m sucrose produces particles 
which are smaller than the commonly accepted chromatophore. 
No microscopic investigation of the particulate preparations used 
in this investigation was made, and accordingly the particles 
referred to as chromatophores may be chromatophore fragments. 


proximately 5 ml.) and used in the tests described below. Their 
chlorophyll content was determined by the method of van Niel 
and Arnold (5). All of the various fractions obtained by this 
procedure were active in DPN photoreduction, but activity was 
decidedly higher in the chromatophore preparation described. 
The preparations were stored in the dark at 0° without freezing, 
since one freezing served to destroy most of the activity for 
DPN photoreduction. The chromatophore preparations lost ac- 
tivitv upon storage at 0°, but could be used for a period of 2 to 
4 days. 

It was necessary to have an apparatus which could contain, 
under anaerobic conditions, illuminated and nonilluminated re- 
action mixtures of identical composition, and which would allow 
optical density measurements to be made on these two systems 
without alteration of the anaerobic conditions. Accordingly, 
Thunberg tubes were modified by joining each through a T-joint 
to two standard |-cm. Pyrex absorption cells, These two cells 
were spaced to fit into positions | and 4 of the cell holder of the 
Beckman DU spectrophotometer. A black cardboard cover was 
constructed to cover the modified Thunberg tube which extended 
above the cell compartment. This system allowed rapid and ac- 
curate measurements of the optical density changes in the reac- 
tion system, thus allowing easy identification of any DPNH 
formed. 

For a typical experiment the reaction components were mixed 
in the modified Thunberg tube, and anaerobicity was obtained 
by means of three prolonged evacuations with a vacuum pump 
interspaced with addition and mixing of nitrogen gas with the 
reaction mixture. After this process the tube contents were 
mixed thoroughly and divided into approximately equal portions 
in the two connected absorption cells. Illumination was with a 
150-watt reflector flood lamp in a water bath at 30°, during which 
time one absorption cell was covered. The light intensity was 
1200 foot candles. In the initial experiments, the nonilluminated 
control was obtained by simply wrapping one cell with aluminum 
foil, but subsequent light intensity experiments showed this to 
be inadequate, since such wrapping allowed sufficient light to 
enter the nonilluminated control to cause appreciable reaction. 
Accordingly, the nonilluminated control was obtained in later 
experiments by wrapping with black cloth, which was in turn 
enclosed by a cap of aluminum foil. Before each illumination 
period, the covers for the nonilluminated control were retained 
in the water bath. Otherwise, the cooler temperature of the 
covers caused a detectable distillation of water from the illumi- 
nated to the nonilluminated system until the temperature dif- 
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ferential was overcome. After the exposure period, the optical 
density of both the illuminated and control system was deter- 
mined, with an aqueous suspension of chromatophores as a blank. 
For those experiments in which material was tipped from the 
side arm, the contents of both arms of the modified Thunberg 
tube were remixed, but in the experiments involving addition of 
lactic dehydrogenase and pyruvate after illumination, these ad- 
ditions were made separately to each arm of the modified Thun- 
berg tube. 

DPN, TPN, FMN, cytochrome c, and Tris buffer were ob- 
tained from the Sigma Chemical Company. 2,6-Dichlorophe- 
nolindophenol was purchased from Eastman Organic Chemical 
Company. The other dyes used were purchased from National 
Aniline Division, Allied Chemical and Dye Company. The suc- 
cinate was the reagent grade hexahydrate of disodium succinate. 
Crystalline lactic dehydrogenase from rabbit muscle, phenazine 
methosulfate, coenzyme Qio, and 2-heptyl-4-hydroxy-6-quinoline- 
N-oxide were generously supplied by Dr. A. D. Swensen, Dr. J. 
W. Newton, Dr. F. L. Crane, and Dr. J. W. Lightbrown, re- 
spectively. Other compounds used were commercial compounds. 

Photosynthetic pyridine nucleotide reductase was prepared 
from spinach leaves according to the directions of San Pietro and 
Lang (6). The preparations used in these experiments corre- 
spond to their “extract of acetone precipitate.” 


RESULTS 


In his preliminary note, Frenkel (3) reported that photoreduc- 
tion of DPN was obtained in the presence of either FMNH: or 
succinate. In the present investigation, succinate was the com- 
pound of choice, since large quantities could be used with no op- 
tical difficulties in the range measured. Fig. 1 demonstrates 
that succinate, DPN, and nonheated chromatophores were re- 
quired for photochemical reduction of DPN. Addition of pyru- 
vate and lactic dehydrogenase after the illumination period re- 
sulted in an immediate drop in optical density to the initial values 
at 340 mu, showing that optical density changes could be used 
directly as a measure of DPNH formation. The stight optical 
density increase in the nonilluminated system was dje to incom- 
plete covering of the dark control, which was only wrapped with 
aluminum foil. The system showed a broad activity maximum 
from pH 7.0 to7.5. The reaction proceeded as well in phosphate 
buffer as in Tris. Variation of the DPN and succinate content 
in the reaction mixture showed that maximal activity was ob- 
tained with the concentrations given for Fig. 1. A photoreduc- 
tion of DPN could be demonstrated under aerobic conditions, 
but the extent of such a photoreduction was less than under 
anaerobic conditions. Fig. 2 shows the proportionality between 
the quantity of chromatophores used and DPNH formed. 

Frenkel (3) reported that TPN was inactive in his system, 
which employed FMNH:; in conjunction with DPN. TPN was 
also inactive in our system, as shown in Table I. The slight op- 
tical density differences observed with TPN are not considered 
to be significant. However,’ addition of Mg*+, cyanide, and 
photosynthetic pyridine nucleotide reductase resulted in exten- 
sive photoreduction of TPN. A similar stimulation of DPN 
photoreduction was observed in the presence of these substances. 
Cyanide was most active in stimulating photoreduction of DPN, 
while photosynthetic pyridine nucleotide reductase was most ac- 
tive with TPN. In general, the more activity a given chromato- 
phore preparation exhibited with DPN in the absence of cyanide, 
the less was the activating effect of cyanide and the other com- 
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Fic. 1A. Succinate requirement for anaerobic DPN photo- 
reduction. Initially the system contained 80 yumoles of Tris 
buffer, pH 7.4, 3.0 umoles of DPN and R. rubrum chromatophores 
equivalent to 1.34 mg. of chlorophyll in a final volume of 5.8 ml. 
At the arrow 0.2 ml. of 0.1 m succinate at pH 7.0 was tipped into 
the system from the side arm. After the introduction of suc- 
cinate, the contents of the tube were thoroughly mixed and re- 
distributed into the two arms of the modified Thunberg tube. 
At the second arrow 1.0 umole of pyruvate and 1 mg. of crystalline 
lactic dehydrogenase were added to both the illuminated and 
nonilluminated arms of the modified Thunberg tube. The Curves 
1 refer to the system with nonheated chromatophores, and Curves 
2 refer to an identical system containing chromatophores which 
had been heated for 10 minutes at 70°. For the initial 10 minute 
period, the lower two lines represent the system with heated 
chromatophores. 

B. DPN requirement for DPN photoreduction. The experi- 
mental procedure and composition were the same as for A, except 
that the succinate was initially present in the reaction mixture, 
and DPN was tipped into the system from the side arm as indi- 
cated by the arrow. After DPN introduction, the contents of 
the tube were mixed and redistributed into the two arms of the 
modified Thunberg tube. 


O 10 
Chlorophyll 


Fig. 2. Relationship between chromatophore content and 
anaerobic DPN photoreduction. The reaction mixture contained 


80 wmoles of Tris buffer, pH 7.4, 20 umoles of succinate at pH 7.0, 
3.0 umoles of DPN and R. rubrum chromatophores of the chloro- 
phyll content indicated. 
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TABLE I 


Pyridine nucleotide specificity and activation of photoreduction by 
R. rubrum chromatophores under anaerobic conditions 

The standard assay procedure described in ‘‘Experimental’’ was 
used for these experiments. The basic system contained 80 umoles 
of Tris buffer, pH 7.4, 20 umoles of sodium succinate, 3.0 umoles of 
DPN (or TPN), and R. rubrum chromatophores in a final volume 
of 6.0 ml. When additions were made to this basic system, the 
final volume was 6.0 ml. in each case. The experiments were of 20 
minutes duration. PNR is photosynthetic pyridine nucleotide 


reductase. 
Optical density change, 
340 mu 
Additions _|wMoles added 
Light | Dark | Light- 
mig 
Iexperi- 
ment 1 
DPN 0.080) none 0.022;—0.017) 0.039 
DPN 0.080) PNR (2.2 mg.)| 0.445|—0.026) 0.471 
DPN 0.080 KCN 6 0.489 —0.024) 0.513 
DPN 0.080, MgCl. 6 0.028|—0.019) 0.047 
DPN 0.080, ethylenedia- 10 0 .308|—0.012) 0.320 
minetetra- 
acetic acid 
DPN 0.080 sodium 6 0.038) —0.009) 0.047 
azide 
DPN 0.080, PNR (2.2 mg.) be 
KCN G 0.643 —0.024) 0.667 
DPN 0.080, PNR (2.2 mg.) 
KCN 6 0.764 —0.003) 0.767 
Experi- 
ment 2 
TPN 0.127; none 0.004'—0.008) 0.012 
TPN 0.127, KCN 6 0.026) —0.013, 0.039 
TPN 0.127, PNR (2.2 mg.)} 0.177;—0.013) 0.190 
TPN 0.127; PNR (2.2 mg.) se 
KCN 6 0.372, —0.015) 0.387 
TPN 0.127; PNR 2.2 mg.) 
KCN 6 0.430'—0.016) 0.446 
MgCl, 6 
E-xperi- 
ment 3 
DPN 0.080) none 0.160 —0.021) 0.181 
DPN 0.080 PNR (2.2 mg.) 
KCN 6 1.274) 0.033) 1.241 
MgCl. 6 
TPN 0.080) none —0.006)—0.015) 0.009 
TPN 0.080) PNR (2.2 mg.) 
KCN 6 0.842) 0.040 0.802 
MgCl, 6 


pounds, indicating that these activators may be serving to restore 
the chromatophore to its original condition or to substitute for 
some lost function of the chromatophore. The concentrations 
given in Table I for the activating agents were found to be opti- 
mal. The increased rate of change in optical density upon ad- 
dition of cyanide was not due to the formation of a complex of 
DPN with cyanide (7), since addition of lactic dehydrogenase 
and pyruvate to the cyanide-activated system resulted in a re- 
turn of the optical density to the initial value. Thus the optical 
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density increase was due to the formation of additional DPNH. 
The fact that addition of ethylenediaminetetraacetic acid also 
stimulated the photoreduction of DPN would suggest that cya- 
nide was effective by means of its ability to combine with metal 
ions, which ions might facilitate the interaction of the photore- 
ducing and photooxidizing systems produced in the chromato- 
phore. 

Frenkel (3) has observed that addition of small amounts of 
DPNH stimulated the subsequent photoreduction of DPN, sug- 
gesting that the DPNH served to remove remaining oxygen in 
the system. Addition of small amounts of DPNH to our sys- 
tem resulted in no increase in the rate of DPN photoreduction. 
This observation was consistent with the care employed to in- 
sure anaerobic conditions, and further excludes the action of 
cyanide upon the DPNH oxidase system as a cause for the stim- 
ulatatory effect of cyanide. 

The effect of light intensity upon DPN photoreduction in the 
activated system is presented in Fig. 3, showing the reaction to be 
extremely sensitive to light of low intensity. Measurable rates 
of DPN photoreduction were obtained with light of 0.5 foot can- 
dle. This extreme sensitivity to light required that special care 
be taken, such as wrapping the nonilluminated control in both 
black cloth and aluminum foil. Red light was found equal to or 
a little more effective than white light in catalyzing the reaction. 
These two facts plus the requirement for nonheated chromato- 
phores indicate that the photoreduction reaction is a physiologi- 
cally significant one, and is not a nonbiological photoreduction by 
some pigment contained in the chromatophore. 

Various oxidation-reduction dyes, electron acceptors, and in- 
hibitors were examined for their effect on the photoreduction of 
DPN (Table I]. Several oxidation-reduction dyes were partic- 
ularly effective in preventing this reaction. Methylene blue, 
2 ,6-dichlorophenolindophenol, menadione, and phenazine meth- 
osulfate were about equally effective as inhibitors. Other good 
inhibitors in the oxidation-reduction class were FMN and 
porphyrindene, while cysteine, ascorbate, indigo carmine, and 
ferricyanide were without much effect. The respiratory inhibi- 
tors, Amytal, dinitrophenol, and 2-heptyl-4-hydroxyquinoline- 
N-oxide were fairly good inhibitors. The compounds listed be- 
low ethanol in the table were dissolved in ethanol and were added 
to the system with the same quantity of ethanol as listed in that 
experiment. It appears as if coenzyme Qi stimulated the reac- 
tion, but this type of experiment is difficult to interpret, since 
ethanol itself inhibits the reaction and coenzyme Qo could be 
acting to relieve this inhibition. 

In these experiments, added methylene blue remained blue in 
the illuminated cell, but rapidly became colorless in the nonil- 
luminated cell. This suggested that the leuco-methylene blue 
was capable of being photooxidized. This reaction will be 
treated in more detail in the subsequent paper (8). In the test 
system with indigo carmine added, the reverse effect was noted 
when photosynthetic pyridine nucleotide reductase was present, 
suggesting a photoreduction of the dye was taking place. Fig. 
4A shows that this photoreduction of indigo carmine required 
the presence of DPN, succinate, and photosynthetic pyridine 
nucleotide reductase, since no reaction occurred in the absence of 
these substances. Fig. 4B illustrates the dark reduction of in- 
digo carmine by addition of DPNH to the test system. The 
dark reduction of indigo carmine showed a requirement for both 
photosynthetic pyridine nucleotide reductase and chromato- 
phores in addition to DPNH, and must therefore require at least 
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Fic. 3. Effect of light intensity upon anaerobic DPN photo- 
reduction. The basic system described in Fig. 2 was supplemented 
with 6 wmoles of KCN, 6 wmoles of MgCl2, and 2.2 mg. of photo- 
synthetic pyridine nucleotide reductase preparation. The chloro- 
phvll content of the R. rubrum chromatophores used was 0.072 mg. 


Tasce II 
Effect of various compounds upon anaerobic DPN photoreduction 


These experiments were conducted with the nonactivating sys- 
tem described in Table I. Several different preparations of R. 
rubrum chromatophores were used during the course of these ex- 
periments, and to simplify the presentation, only the per cent ac- 
tivity related to a control system is given. Only chromatophore 
preparations with good activity were used for these experiments. 
Those compounds listed below ethanol were dissolved in the same 
quantity of ethanol. 


Substance added pMoles added 
Methylene blue................. 0.2 0 
2,6-Dichlorophenolindophenol. .. 0.2 2 
Phenazine methosulfate......... 0.05 3 
0.2 16 
Porphyrindene.......... 0.2 24 
0.3 45 
2,4-Dinitrophenol.............. 6 77 
Potassium ferricyanide.......... 0.4 SS 
Indigo carmine................. 0.2 89 
Ascorbate 2.0 
2-Heptvl-4-hydroxyquinoline- 

0.1 48 


one component from each preparation. Since photoreduction of 
indigo carmine shows a definite lag period, the reaction must con- 
sist in enzymatic reduction of indigo carmine by the DPNH 
formed photochemically in the initial photochemical reaction. 
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Fic. 4A. Requirements for anaerobic indigo carmine photo- 
reduction. The complete system for these experiments contained 
.15 umole of indigo carmine and the other compounds described 
for Fig. 3, with R. rubrum chromatophores equivalent to 0.088 mg. 
of chlorophyll being present. For Curve 1, spinach photosynthetic 
pyridine nucleotide reductase was added at the arrow. For Curve 
2, succinate was added at the time indicated by the arrow, and 
likewise Curve 3 represents an experiment with DPN added at 
the time indicated by the arrow. There was no change in optical 
density during the initial 5-minute period for all experiments, 
as indicated by the common line for that period of time. 

B. Requirement for both R&R. rubrum chromatophores and spinach 
photosynthetic pyridine nucleotide reductase for reduction of 
indigo carmine by DPNH in the dark. Both systems were an- 
aerobic, and contained 40 uwmoles of Tris buffer, pH 7.4, 1.1 mg. of 
photosynthetic pyridine nucleotide reductase preparation, 0.15 
umole of indigo carmine, 0.37 wpmoles of DPNH and R. rubrum 
chromatophores equivalent to 0.066 mg. of chlorophyll in a final 
volume of 3.0ml. For Curve 1, photosynthetic pyridine nucleotide 
reductase was added at the point indicated by the arrow, and for 
Curve 2, the chromatophores were added to the system by tipping 
from the side arm. 


The requirement for photosynthetic pyridine nucleotide reduc- 
tase explains why indigo carmine did not inhibit DPN photore- 
duction, as in the experiments of Table II, where both activators 
and photosynthetic pyridine nucleotide reductase were absent. 
In those experiments indigo carmine could not be photoreduced, 
and consequently could not act as a shunt between the oxidizing 
and reducing system. 


DISCUSSION 


R. rubrum chromatophores possess an electron transport sys- 
tem which functions in the recombination of the electrons from 
the photoreducing site with the electron acceptors produced at 
the photooxidizing site, as evidenced by the process of photophos- 
phorylation (9). In this discussion it will be convenient to refer 
to this system as the closed electron transport system, since both 
the electron donors and electron acceptors are produced within 
the chromatophore. The function of succinate in these experi- 
ments is presumably that of interacting with the photochemical 
oxidizing system via this closed electron transport system, thus 
freeing the photoreducing system to react with DPN. The fact 
that R. rubrum chromatophores do have an active succinic de- 
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hydrogenase (10), and fumarate is shown to be required for the 
photooxidations described in the accompanying paper (8), show 
that succinate is active by virtue of its reducing ability. This is 
also consistent with the stimulation of photophosphorylation by 
R. rubrum chromatophores upon the addition of succinate (9). 
TPN was not photoreduced by the chromatophores in the pres- 
ence of succinate, which agrees with the data of Frenkel (3) and 
characterizes the bacterial photosynthetic unit with a pyridine 
nucleotide specificity different from that of chloroplasts (6). 
Cyanide and ethylenediaminetetracetic acid both increased the 
rate of DPN photoreduction, probably by removal of metal ions 
functioning in the closed electron transport system. Cyanide 
stimulates the Hill reaction, although to a lesser extent (11), and 
this could also be due to its effect upon the closed electron trans- 
port system of chloroplasts, since cyanide does inhibit photophos- 
phorylation of chloroplasts (12). An explanation for the stimu- 
lation caused by Mg** is not apparent, but the inhibition caused 
by ADP could be explained in terms of its activation of photo- 
phosphorylation in the chromatophores. The stimulation of 
DPN photoreduction by photosynthetic pyridine nucleotide re- 
ductase from spinach is logical, since the plant enzyme does react 
with both DPN and TPN (6). The presence of this enzyme also 
allows the photochemical reducing system of the bacteria to in- 
teract with TPN, and the further addition of cyanide would be 
expected to stimulate TPN photoreduction in the manner de- 
scribed for DPN. 

The oxidation-reduction compounds which inhibit DPN photo- 
reduction most effectively are methylene blue, 2,6-dichlorophe- 
nolindophenol, menadione, and phenazine methosulfate. All 
these compounds are reduced enzymatically by DPNH in the 
presence of chromatophores. As shown in the accompanying 
paper (8), these compounds are also capable of interacting with 
the photochemical oxidizing system of the chromatophores. 
Thus, their mechanism of inhibition is probably that of acting as 
a shunt between the photoreducing and photooxidizing systems. 
This explanation is in agreement with the fact that such oxida- 
tion-reduction compounds as methylene blue, 2,6-dichlorophe- 
nolindophenol, brilliant crystal blue, and pyocyanine are also 
powerful inhibitors of photophosphorylation in both chromato- 
phores and chloroplasts (12, 13), probably by virtue of their 
ability to act as a shunt between the photoreducing and photo- 
oxidizing systems. 
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SUMMARY 


1. The photoreduction of pyridine nucleotides by washed 
chromatophores of Rhodospirillum rubrum has been studied. A 
photoreduction of diphosphopyridine nucleotide (DPN) was ob- 
served in the presence of succinate, but triphosphopyridine 
nucleotide (TPN) was inactive. 

2. DPN photoreduction was markedly stimulated by the ad- 
dition of cyanide, photosynthetic pyridine nucleotide reductase 
from spinach and magnesium ion. Addition of these substances 
resulted in a photoreduction of TPN at a rate about 60 per cent 
of that obtained with DPN. 

3. In the fully activated system, DPN reduction was extremely 
sensitive to light intensity, with half saturation occurring at 6 
foot candles. The reactions were performed in white light, but 
proceeded equally well or better in red light. 

4. The photoreduction of DPN by the nonactivated system 
was almost completely inhibited by addition of methylene blue, 
2,6-dichlorophenolindophenol, phenazine methosulfate, and 
menadione. Porphyrindene and flavin mononucleotide were less 
inhibitory. This inhibition was probably due to the ability of 
these compounds to form a shunt between the photoreducing and 
photooxidizing systems. Other compounds which caused moder- 
ate inhibition were Amytal, ADP, and 2-heptyl-4-hydroxyquino- 
line-N-oxide. 

5. The dye, indigo carmine, was photoreduced by illuminated 
chromatophores in the presence of succinate, photosynthetic pyr- 
idine nucleotide reductase, and DPN. However, the data in- 
dicate that indigo carmine reduction was a secondary effect, and 
was due to reoxidation of the photoreduced DPN by the dye. 

6. The maximal rate of DPN photoreduction obtained in a 
nonactivated system was 21 yumoles per hour per mg. of chloro- 
phyll, while the corresponding value for the activated system 
was 45 umoles per hour per mg. of chlorophyll. 


Acknowledgment—The authors would like to express their ap- 
preciation to Dr. Albert Frenkel for his interest in this investiga- 
tion. The chromatophore preparation method described herein 
is a slight modification of the method related to us by Dr. Frenkel. 
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In the previous paper of this series (1), some characteristics of 
the photoreducing system of Rhodospirillum rubrum chromato- 
phores were presented. In one of the experiments described, it 
appeared that methylene blue was being oxidized in the illumi- 
nated reaction mixture. Since such a photooxidation would be 
an expression of the photooxidizing system of the chromato- 
phore, this reaction was investigated in more detail. In addi- 
tion, a photooxidation of other oxidation-reduction dyes and 
ferrocytochrome c was observed. This paper presents some of 
the properties of the chromatophoric system responsible for such 
photooxidations. 


EXPERIMENTAL 


The information concerning procedures, preparations, and 
compounds given in the preceding paper (1) apply to the pres- 
ent investigation. In the exploratory experiments leading to 
the data presented in this paper, the compounds tested were 
obtained by reduction with either ascorbic acid or sodium hydro- 
sulfite. Although photooxidations were observed in all cases 
except for methylene blue reduced with hydrosulfite, the results 
were erratic. Consequently, the enzymatic reduction of these 
compounds by DPNH in the presence of R. rubrum chromato- 
phores was utilized. Since the chromatophores contained mod- 
erate DPNH oxidase activity, the addition of excess DPNH 
insured the complete anaerobicity necessary for this type of 
experiment. When added, cyanide was placed in the side arm 
with the lactic dehydrogenase and pyruvate, thus allowing the 
DPNH oxidase to function in the initial part of the experiment. 


RESULTS 


Photooxidation of Reduced Methylene Blue—In one of the ex- 
periments described in the preceding paper (1), a photooxidation 
of reduced methylene blue by R. rubrum chromatophores was 
indicated. Preliminary to investigation of this reaction, a cur- 
sory examination of the succinic dehydrogenase activity of the 
chromatophores was made. The chromatophores exhibited an 
active succinic dehydrogenase with methylene blue as electron 
acceptor, and thus resemble other bacterial preparations which 
react rapidly with methylene blue (2). Likewise, reduced meth- 
ylene blue was rapidly oxidized by fumarate anaerobically in the 
presence of chromatophores, the rate being considerably faster 
than the reverse reaction with methylene blue and succinate. 
Consequently, to test for photooxidation of reduced methylene 


* This investigation was supported by a research grant (No. 
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blue, the system was poised with 20 umoles of succinate and 5 
pmoles of fumarate, which resulted in only partial oxidation of 
reduced methylene blue due to the equilibrium imposed through 
the succinic dehydrogenase. Exposure to light in the presence 
of chromatophores resulted in a very rapid oxidation of the re- 
duced dye in the illuminated system, as shown in Fig. 1. The 
photooxidation proceeded until the majority of the dye was 
oxidized, which was in opposition to the enzymatic equilibrium 
imposed by the succinic dehydrogenase system. Subsequent to 
the illumination period, the methylene blue was rereduced in the 
dark via the succinic dehydrogenase system. In these experi- 
ments, the methylene blue could be reduced initially by either 
DPNH or by succinate under the anaerobic conditions employed, 
but DPNH was employed because of its faster rate. No photo- 
oxidation was observed until succinate and fumarate were tipped 
from the side arm, indicating that DPN alone could not support 
the coupled photooxidation. Heating the chromatophores de- 
stroyed their ability to catalyze this reaction, showing the re- 
quirement for intact chromatophores. 

The experiments shown in Fig. | were performed with cyanide 
and Mg*+ in the system, since these compounds activated the 
system for photooxidation as well as for the photoreduction of 
DPN (1). Ina separate experiment, the addition of magnesium 
ion and cyanide in the amounts indicated in Fig. 1 resulted in a 
60 per cent increase in the rate of change in optical density. Pho- 
tosynthetic pyridine nucleotide reductase did not affect the pho- 
tooxidation reaction in the presence of fumarate. 

Photooxidation of Reduced 2 ,6-dichlorophenolindophenol—W hen 
considering other oxidation-reduction dyes for the photooxida- 
tion reaction, one likely candidate was reduced 2,6-dichlorophe- 
nolindophenol, since it can be photooxidized by R. rubrum chro- 
matophores in an aerobic photooxidation (3). Fig. 2 presents 
the results of a typical experiment designed to demonstrate pho- 
tooxidation of this dye. The requirement for added fumarate 
was not as definite, since a slow rate of photooxidation was ob- 
served in the absence of fumarate. This photooxidation was 
probablv coupled to the simultaneous photoreduction of DPN, 
with the DPNH so formed being removed by the pyruvate and 
lactic dehydrogenase. In these experiments, the dye was re- 
duced enzymatically by DPNH, and the excess DPNH removed 
by addition of lactic dehydrogenase and pyruvate before exposure 
to light. This procedure was used to produce complete anaero- 
bicity, but apparently the DPNH trapping system present was 
sufficient to accommodate the photoreducing equivalents while 
the dye reacted with the photooxidizing equivalents. The reac- 
tion was still markedly stimulated by the addition of fumarate, 
which agrees with the other photooxidations observed. The 
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Fig. 1. Anaerobic photooxidation of reduced methylene blue. 
The details concerning the adapted Thunberg tubes used, the 
manipulation of these tubes to obtain anaerobic conditions, and 
the illumination procedure are given in the preceding paper (1). 
The experimental system initially contained 80 umoles of Tris! 
buffer, pH 7.4, 0.4 wimoles of methylene blue, 6 wmoles of KCN, 
1 umole of MgCle, 3.0 umoles of DPNH and R. rubrum chromato- 
phores equivalent to 0.044 mg. of chlorophyll in the main compart- 
ment of the tube. The side arm contained 10 umoles of sodium 
pyruvate at pH 7.0 and 1 mg. of crystalline lactic dehydrogenase, 
which were tipped into the system to remove excess DPNH after 
visual observation revealed that reduction of methylene blue was 
complete. The volume at this point was 5.7 ml. After the first 
tipping, which is not indicated on the graph, nitrogen gas was 
introduced into the system, 20 umoles of sodium succinate and 5 
umoles of potassium fumarate in 0.3 ml. were added to the side 
arm, and the adapted Thunberg tube was rapidly re-evacuated 
for the initial exposure to light. At the time indicated by the 
arrow, the succinate and fumarate were tipped into the reaction 
mixture from the side arm, the tube contents thoroughly mixed 
and redistributed into the two arms of the adapted Thunberg 
tube. Illumination was at 1500 foot candles of light intensity. 
Curve 1 refers to the system with nonheated chromatophores 
while Curve 2 refers to an identical system which was heated at 
70° for 10 minutes after the initial tipping of lactic dehydrogenase 
and pyruvate from the side arm. 


experiment involved a prior tipping of water into the experi> 
mental system to show that the subsequent effect obtained when 
fumarate in the same quantity of water was tipped could not be 
due to dissolved oxygen in the water. Accordingly, the stimulat- 
ing effect must be reserved for the added fumarate. 

The photooxidation could also be accomplished with ascorbate- 
reduced 2,6-dichlorophenolindophenol. In such experiments 
there was no photooxidation until fumarate was added to the 
system. However, reduction with ascorbate was not entirely 
satisfactory, since it was difficult to obtain reproducible solutions 
of reduced dye in this fashion. Also, cvanide could not be used 
in such a system, since cyanide reduced 2,6-dichlorophenolindo- 
phenol in the presence of ascorbate. 

The photooxidation of reduced 2,6-dichlorophenolindophenol 
was markedly stimulated by the addition of cyanide, as shown 


1The abbreviation used is: Tris, tris(hydroxymethy])amino- 
methane. 
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Fic. 2. Anaerobic photooxidation of reduced 2,6-dichloro- 
phenolindophenol. The experimental procedure and reaction 
system were identical to those of Fig. 1, with the exception that 
0.4 umole of 2,6-dichlorophenolindophenol replaced the methylene 
blue, and the KCN was initially placed in the side arm. After 
reduction of the dye, the lactic dehydrogenase, pyruvate, and 
KCN were tipped from the side arm to remove excess DPNH. 
After this, nitrogen gas was introduced into the system, 0.3 ml. 
of water was added to the side arm, and the system rapidly re- 
evacuated. After the introduction of the water into the system, 
nitrogen gas was again introduced, 5 umoles of fumarate in 0.3 ml. 
were added to the side arm, and the system again re-evacuated 
for the second illumination period. This allowed each addition 
from the side arm to be made under strictly anaerobic conditions. 
The R. rubrum chromatophores used in this experiment contained 
0.062 mg. of chlorophyll. 


in Fig. 3. Addition of Mg** caused a slight increase in activity 
in some cases. Heating the chromatophores for 20 minutes at 
55° was sufficient to destroy the photooxidative activity of the 
chromatophores, indicating again that the reaction required the 
organization of the pigment molecules contained in the chromato- 
phore. Variation of the pH revealed the reaction to have a 
fairly sharp activity maximum from pH 8.8 to 9.2. Variation of 
the cyanide concentration showed the concentration given in 
Fig. 3 to be maximal. 

Photooxidation of Ferrocytochrome c—The photooxidative sys- 
tem of R. rubrum chromatophores was capable of interacting with 
ferrocytochrome c, as expected. Fig. 44 shows the results of 
such an experiment, demonstrating the requirement for fuma- 
rate in this reaction also. The initial addition of water was in- 
cluded to show that the subsequent oxidation after fumarate 
addition could not be due to dissolved oxygen in the fumarate 
solution. After the completion of the experiment described in 
Fig. 44, addition of ferricvanide showed the cytochrome c to be 
about 60 per cent oxidized. With the R. rubrum chromatophores 
used in this experiment, no appreciable photooxidation was de- 
tected with only DPN, lactic dehydrogenase, and pyruvate in 
the system. This is in contrast with the case of 2, 6-dichlorophe- 
nolindophenol, in which a slow rate of photooxidation was noted. 
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Fig. 3. Effect of cyanide and heated chromatophores upon the 
anaerobic photooxidation of reduced 2,6-dichlorophenolindo- 
phenol. The conditions for these experiments were the same as 
for Fig. 2 with the exception that initially the side arm of the 
adapted Thunberg tube contained pyruvate, KCN, lactic dehy- 
drogenase, and fumarate in the amounts given. There was only 
one tipping, this coming after the DPNH had reduced the dye, 
and served to remove excess DPNH and prepare the system for 
the illumination. Curve 1 represents the experiment with no 
KCN present, Curve 2 represents the same experiment with KCN 
present, and Curve 3 represents the system with KCN present, but 
after the dye reduction and tipping of the contents of the side 
arm, the system was heated at 60° for 20 minutes. 


However, some chromatophore preparations which had been 
stored at 0° for several days did show a slow rate of ferrocyto- 
chrome c photooxidation in the absence of added fumarate, 
Such preparations were used in the simultaneous photooxidation- 
photoreduction experiments described below. 

The photooxidation of ferrocytochrome c was stimulated by 
the addition of cyanide and required nonheated chromatophores, 
as shown in Fig.4B. Thus, in its general properties, it resembles 
the other photochemical reactions described in this and the pre- 
ceding paper (1). For this reaction also, Mg** would ocea- 
sionally show a slight activating effect, so was routinely included. 
Variation of pH revealed that maximal activity was obtained 
from pH 7.3 to 7.8. Increasing the cyanide concentration above 
that listed in Fig. 4B served to decrease the activity. 

In view of the extreme sensitivity of DPN photoreduction to 
light intensity, the effect of light intensity upon the rate of pho- 
tooxidation of reduced methylene blue and ferrocytochrome ¢ was 
examined (Fig. 5). It is apparent that these photooxidations 
were not nearly as sensitive to low light intensities as was DPN 
photoreduction. Both reactions saturated above 1000 foot can- 
dles. 

The effect of ethanol, coenzyme Qo, and 2-heptyl-4-hydroxy- 
quinoline-N-oxide upon the photooxidation of eytochrome ¢ was 
investigated. From Table I it is seen that all served to activate 
the system. The coenzyme Qo and 2-heptyl-4-hydroxyquino- 
line-N-oxide were dissolved in ethanol, so should be compared 


Time in minutes 


Fig. 4A. Anaerobic photooxidation of ferrocytochrome c by 
R. rubrum chromatophores. The experimental conditions were 
the same as for Fig. 2, with the exception that 4 mg. of cytochrome 
c were substituted for the dye. 

B. Effect of KCN and heated chromatophores upon the ana- 
erobic photooxidation of ferrocytochrome c. The conditions of 
this experiment are the same as given for Fig. 3, with 4 mg. of 
cytochrome c substituted for the dye. 
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Fig. 5. Effect of light intensity upon the anaerobic photooxida- 
tion of reduced methylene blue and ferrocytochrome c. The 
conditions given in Fig. 4A (after addition of fumarate) and in 
Fig. 1 (after addition of succinate and fumarate) apply to these 
tests. The experiments with methylene blue were performed 
with chromatophores equivalent to 0.036 mg. of chlorophyll, 
whereas the cytochrome c experiments contained twice this 
amount of chromatophores. 


to the system with ethanol present. The activation with co- 


enzyme Qio agrees with its moderate activation of DPN photo- 
reduction by R. rubrum chromatophores (1). 


Whereas 2-heptyl- 
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TABLE I 


Effect of ethanol, coenzyme Qio, and 2-heptyl-4-hydroryquinoline- 
N-oxide upon photoozxidation of ferrocytochrome c by 
chromatophores of R. rubrum 


The experimental system contained 80 uymoles of Tris buffer, pH 
7.4, 4 mg. of cytochrome c, 3.0 ymoles of DPNH, and R. rubrum 
chromatophores equivalent to 0.072 mg. of chlorophyll in the main 
portion of the adapted Thunberg tube, while the side arm con- 
tained 15 wmoles potassium fumarate at pH 7.0, 10 wmoles of so- 
dium pyruvate at pH 7.0, 5 umoles of KCN, 1 mg. of crystalline 
lactic dehydrogenase, and other additions dissolved in ethanol as 
indicated. Following an initial 5 minute period under anaerobic 
conditions, in which the cytochrome c was completely reduced, 
the contents of the side arm were tipped into the system, the solu- 
tion thoroughly mixed, and distributed equally in the two arms of 
the adapted Thunberg tube for the 5 minute illumination period. 


: Optical density decrease, 550 my 
Substance added ee 
Light Dark Light-dark 
pumoles 
0.122 | 0.013 | 0.109 
1710 0.141 | 0.012 | 0.129 
Coenzyme Q (in ethanol). . 0.1 0.210 | 0.010 | 0.200 
2-Heptyl-4 - hydroxyquino- 
line-N-oxide (in ethanol). 0.1 0.210 | 0.065 | 0.145 
—+ Light 
—Dark 


9) 


Tip LOK, 
Pyruvate 


Optical density change 6IOM 4 
Ny 


Time in minutes 


Fic. 6. Anaerobic photooxidation of reduced indigo carmine. 
Initially the system contained 80 wmoles of Tris buffer, pH 7.4, 
2.2 mg. of photosynthetic pyridine nucleotide reductase prepara- 
tion, 6 wmoles of KCN, 1 umole of MgCle, 1.5 umoles of DPNH, 
0.8 wmole of indigo carmine and PF. rubrum chromatophores equiva- 
lent to 0.133 mg. of chlorophyll in a final volume of 5.8 ml. in the 
main compartment of the adapted Thunberg tube. The side arm 
of the tube contained 10 yzmoles of sodium pyruvate at pH 7.0 and 
1 mg. crystalline lactic dehydrogenase in 0.2 ml. of solution. The 
system was incubated for 30 minutes until the dye was completely 
reduced, after which the initial illumination was performed. At 
the time indicated by the arrow, the pyruvate and lactie dehy- 
drogenase were tipped from the side arm. 
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4-hydroxyquinoline-N-oxide inhibited DPN photoreduction, it 
stimulated cytochrome c photooxidation. If this compound 
inhibited the transfer of electrons in the chromatophoric system 


at the level of cytochrome 6, it should decrease the coupling of — 


the reducing and oxidizing systems through cytochrome b and 
increase the rate of cytochrome c photooxidation. The reason 
for the simulation by ethanol is not apparent, but it could be due 
to a surface affect, making the large molecule, cytochrome c, 
more available for the photooxidation reaction. 

Reduced Indigo Carmine Photooxidation—Incubation of indigo 
carmine with DPNH in the dark in the presence of chromato- 
phores and photosynthetic pyridine nucleotide reductase resulted 
in a reduction of the dye. Subsequent illumination of this mix- 
ture (in the absence of fumarate) resulted in a photooxidation of 
reduced indigo carmine, as shown by the first portion of the curve 
in Fig. 6. However, the extent of photooxidation was moderate, 
and the reaction appeared to approach an equilibrium. Subse- 
quent addition of lactic dehydrogenase and pyruvate to the sys- 
tem, which would remove excess DPNH, allowed the photooxida- 
tion to proceed again, and at a considerably faster rate. This 
is an interesting case, since this dye can demonstrably interact 
with the photoreducing system in the presence of succinate and 
photosynthetic pyridine nucleotide reductase (4), and with the 
photooxidizing system if the former reaction is prevented. Fu- 
marate could not be used with reduced indigo carmine, since a 
rapid oxidation of the dye occurred in the dark. 

In addition to the photooxidations described above, R. rubrum 
chromatophores were capable of photooxidizing phenazine metho- 
sulfate at a rate which was considerably slower than the rates 
for the compounds discussed above. Thus, all of the compounds 
which most effectively inhibited DPN photoreduction (1) were 
capable of undergoing a photooxidation, which further indicates 
that their inhibition in the former reaction was due to formation 
of a shunt between the reducing and oxidizing systems produced 
in the light. 

Simultaneous Photooxidation and Photoreduction Reactions— 
Since R. rubrum chromatophores have been shown to catalyze 
both photooxidation and photoreduction reactions, the possi- 
bility of observing a simultaneous reaction was investigated. 
The results of such an experiment are given in Fig. 7, showing 
that it was possible to demonstrate such a reaction during the 
initial part of the experiment. After the initial photooxidation 
of cytochrome c, the reaction shifted over to one of the reduction 
of cytochrome c in the light by the DPNH formed photochemi- 
cally, and it was not possible to obtain an extensive coupled re- 
action such as the one reported previously by Frenkel (5), in 
which photooxidation of FMNH» was coupled to DPN photo- 
reduction. The simultaneous photooxidation of cytochrome c 
would seem to have more physiological significance, however, 
since the cellular photooxidations catalyzed by the bacterium 
would most probably be mediated by the cytochrome ¢ contained 
in R. rubrum cells (6). Such a simultaneous photooxidation 
and photoreduction was not observed with all chromatophore 
preparations, and generally chromatophores which had been 
stored for a few days at 0° were superior in this regard. In ex- 
amining Fig. 44, it is seen that with those chromatophores there 
was no photooxidation of ferrocytochrome c in the presence of 
DPN and a DPNH trapping system, and consequently such 
chromatophores would not support the simultaneous photooxida- 
tion and photoreduction reported in Fig. 7. 
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DISCUSSION 


The photooxidations described in this paper are direct evi- 
dence for the oxidizing power generated by illuminated chromato- 
phores. The compounds photooxidized in this system are those 
which prevent photoreduction of DPN (1) and some have been 
reported to inhibit photophosphorylation (7), which suggests 
that their effectiveness as inhibitors is due to their ability to act 
as a shunt between the photoreducing and photooxidizing sys- 
tems. Of the four compounds investigated in this reaction, 
reduced 2,6-dichlorophenolindophenol was photooxidized at the 
fastest rate, giving a maximal rate of 40 umoles per hour per mg. of 
chlorophyll at pH 9.2. The rate at pH 7.4 would be about half 
this value. The corresponding maximal rates for the other com- 
pounds, at pH 7.4, were 30 for reduced methylene blue, 19 for 
ferrocytochrome c, and 6.8 for reduced indigo carmine. This 
places the speeds of these reactions in the same range as the pho- 
toreduction of DPN reported in the preceding paper (1). Al- 
though slow rates of photooxidation were observed in some cases 
in the absence of fumarate (e.g. with DPN, lactic dehydrogenase, 
and pyruvate), the presence of fumarate very sharply stimulated 
all reactions. Since succinate served the same role in the pho- 
toreduction of DPN, it would seem that the succinate and fuma- 
rate interact with the closed electron transfer system (that which 
functions primarily in the transfer of electrons from the photo- 
reducing site to the photooxidizing site of the chromatophore) 
thus setting up an oxidation-reduction imbalance of some com- 
ponent. The subsequent decrease in electron transport via this 
closed system would allow the detection of a net photoreduction 
or photooxidation. 

In previous experiments with plant chloroplasts and cell-free 
extracts of R. rubrum, addition of 2,6-dichlorophenolindophenol 
and ascorbate resulted in a rapid uptake of oxygen in the light, 
with a simultaneous oxidation of the ascorbate (4). This phe- 
nomenon was interpreted in terms of an interaction of the reduced 
dve with the photochemical oxidizing system, while the ascorbate 
served to keep the dye in the reduced form, thus preventing the 
dye from serving as a shunt. The oxygen was presumed to in- 
teract with some reduced member of the closed electron transfer 
system (likely a flavin) to complete the reaction. The present 
data indicate that this interpretation was correct. The rate of 
photooxidation of reduced 2,6-dichlorophenolindophenol in the 
presence of fumarate under strictly anaerobic conditions was 
slightly greater than the rate observed with the dye and ascorbate 
in the presence of air (4). In the aerobic experiments, cyto- 
chrome c could substitute for 2,6-dichlorophenolindophenol, but 
the rate of the reaction was less, which agrees with their rates of 
photooxidation in the presence of fumarate. 

A photooxidation of ferrocytochrome c by R. rubrum chromato- 
phores in the presence of oxygen was previously reported (3, 
8). Likewise, plant chloroplasts treated with digitonin yield a 
preparation capable of performing an identical photooxidation 
of ferrocytochrome c in the presence of oxygen (9). Both these 
photooxidations were heat sensitive. In view of the demon- 
strated anaerobic photooxidation of ferrocytochrome c in the 
presence of fumarate, it would seem that the aerobic photooxida- 
tions of ferrocytochrome c can be interpreted in the same manner 
as the photooxidation of ascorbate in the presence of 2,6-dichlo- 
rophenolindophenol. Thus, photooxidation of ferrocytochrome 
¢ would result from interaction with the photochemical oxidiz- 
ing site, while the oxygen would again serve to oxidize reduced 
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Fig. 7. Simultaneous photooxidation of ferrocytochrome c and 
photoreduction of DPN by R. rubrum chromatophores under 
anaerobic conditions. The reaction mixture contained 80 umoles 
of Tris buffer, pH 7.4, 4 mg. of cytochrome c reduced by ascorbic 
acid, 3.0 umoles of DPN, 5 umoles of KCN, 1 umole of MgCl:, 2 
mg. of spinach photosynthetic pyridine nucleotide reductase, and 
chromatophores equivalent to 0.072 mg. of chlorophyll in a final 
volume of 6.0 ml. Initially the reduced cytochrome c was in the 
side arm of the adapted Thunberg tube, and was tipped after the 
system was made anaerobic and just before illumination of one 
arm of the tube. The reported values are optical density differ- 
ences between the illuminated and nonilluminated systems. 
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Fic. 8. Schematic representation of the reactions occurring in 
the R. rubrum chromatophore under the influence of light. The 
abbreviations used in the diagram are: DPIP, 2,6-dichlorophenol- 
indophenol; MB, methylene blue; IC, indigo carmine; HOQNO, 
2-heptyl-4-hydroxyquinoline-N -oxide; PNR, photosynthetic pyri- 
dine nucleotide reductase. 
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compounds originating from the photoreducing site (or could 
react directly with the photoreduction site in the case of the 
digitonin extracts of chloroplasts). 

Studies conducted with whole cells have revealed that the pho- 
tosynthetic bacteria are capable of catalyzing an oxidation of 
substrate molecules upon illumination under anaerobic conditions 
(10). Sensitive spectrophotometric experiments have shown 
that illumination of whole R. rubrum cells results in an oxidation 
of the cytochrome components of the cell (11, 12). The present 
demonstration that isolated chromatophores are capable of cat- 
alyzing an anaerobic photooxidation of cytochrome c is in agree- 
ment with the previous data obtained on whole cells, and this 
reaction serves as a model for the cellular oxidations performed 
by whole cells. 

The information presented in this and the preceding paper 
(1) is summarized in schematic form in Fig. 8. This diagram 
represents the reactions believed to occur in the chromatophore 
as the result of absorption of light by the pigment system. The 
initial effect would be the shifting of electrons in the organized 
pigment system to form a reducing site, with a corresponding 
oxidizing site being formed in the locus from which the electrons 
were moved. By means of local enzymes, the reducing site would 
be responsible for the reduction of the pyridine nucleotides, while 
the corresponding oxidizing site would be responsible for the 
oxidation of the reduced oxidation-reduction dyes and ferrocyto- 
chrome c. In addition, the closed electron transfer system of 
the chromatophore would serve to transfer electrons between 
the reducing and oxidizing sites, which transfer would serve the 
chromatophore in the production of ATP via the process of pho- 
tophosphorylation. This cross transfer of electrons via the 
closed electron transfer system would be decreased by addition 
of succinate or fumarate, which apparently poise some member 
of the closed system in the reduced or oxidized form and prevent 
rapid electron flow in the closed system. The compounds ob- 
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served to inhibit DPN photoreduction would obviate the effect 
of succinate by acting as a shunt across the system. The infor- 
mation on the effect 2-heptyl-4-hydroxyquinoline-N-oxide indi- 
cates that it is capable of interacting at some point of the closed 
chain between succinate and the oxidizing site, most probably 
at the level of evtochrome b, which is known to be present in the 
chromatophores (6). 


SUMMARY 


1. Chromatophores of Rhodospirillum rubrum catalyzed an 
anaerobic photooxidation of reduced 2,6-dichlorophenolindo- 
phenol, reduced methylene blue, ferrocytochrome c, and reduced 
indigo carmine. The maximal photooxidation rates observed 
for these compounds (in the order given above) were 40, 30, 19, 
and 6.8 ymoles photooxidized per hour per mg. of chlorophyll. 
Reduced phenazine methosulfate was photooxidized at a much 
slower rate. 

2. Nonheated chromatophores were required for all photo- 
oxidations. Stimulation was obtained by the addition of cyanide 
ion. Fumarate was required for the photooxidations to proceed 
except in the case of reduced indigo carmine and reduced 2,6- 
dichlorophenolindophenol. For the latter, addition of fumarate 
markedly stimulated the rate observed in the presence of diphos- 
phopyridine nucleotide, pyruvate, and lactic dehydrogenase. 

3. The photooxidation of ferrocytochrome c was moderately 
stimulated by the addition of ethanol, 2-heptyl-4-hydroxyquino- 
line--V-oxide, or coenzyme 

4. A transient simultaneous photooxidation of ferrocytochrome 
ec and photoreduction of diphosphopyridine nucleotide was ob- 
served. 

5. These photooxidations are discussed in light of previously 
reported photooxidations by bacterial chromatophores and plant 
preparations. The known photochemical reactions of the bac- 
terial chromatophore are correlated and discussed. 
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Previous studies have demonstrated the existence of three 
different types of enzymes that oxidize xanthine. The enzyme 
found in bird tissues is a dehydrogenase without significant 
ability to react directly with oxygen (1); it can be assayed mano- 
metrically by the use of methylene blue as an electron carrier 
between the reduced enzyme and oxygen. The enzyme found 
in mammalian tissues reacts directly with air and is therefore 
an oxidase like milk xanthine oxidase (2). These two oxidases 
can be differentiated by the fact that only the tissue enzyme can 
be inhibited by tetraethylthiuram disulfide (Antabuse) (3) or 
chaleones (4), while the milk enzyme is unaffected. This inhibi- 
tion of the tissue enzyme by Antabuse or chalcones is limited 
to its oxidase activity, and no effect is observed on its dehydro- 
genase activity with methylene blue as the electron acceptor. 

The three enzymes are therefore fundamentally alike in 
catalytic activities, but presumably differ in that portion of the 
molecule responsible for the reaction with air. All three enzymes 
have been obtained in highly purified form (1, 5, 6), and each 
contains Fe, flavin adenine dinucleotide, and Mo in the ratios 
8:2:1, 4:1:1, and 8:1:1 for the milk, mammalian liver, and 
chicken liver enzymes, respectively. A comparison of these 
relative compositions cannot yet account for the differences in 
reactivity with oxygen (7). It is possible that the two xanthine 
oxidases contain an additional unidentified ‘‘oxidase’’ group, 
such as a quinone, which is absent from the dehydrogenase. 
The present study demonstrates that the oxidase activity of the 
enzymes from milk and from rat liver can be inhibited selectively 
by the carbonyl! reagents, phenylhydrazine, and semicarbazide; 
this inhibition can be reversed completely by 2-methyl-1 ,4- 
naphthoquinone. However, glutathione was also effective in 
overcoming the semicarbazide inhibition, and chelating agents 
(e.g. 8-hydroxyquinoline) were effective under certain conditions. 
The latter effects implicate the enzymatic iron as the point of 
attachment by the carbonyl! reagents. 

Numerous studies in recent years have implicated a quinone 
in the mitochondrial electron transport chain from DPNH or 
succinate to oxygen. Some of these studies point to a quinone 
related to vitamin K (8-11) and others to a quinone derived from 
a-tocopherol (12-14). A quinone related to vitamin K was 
recently isolated from \Jycobacterium phlei, and was shown to 
restore oxidative phosphorylation to an irradiated bacterial 
preparation (15). The only quinone isolated (16, 17, 14) from 


* This study was aided by a grant from the National Institute 
of Arthritis and Metabolic Diseases, National Institutes of 
Health, United States Public Health Service (No. PHS A-586). 


mammalian mitochondria, Q-275, is not clearly related to cither 
vitamin K or E (18), and its role in the electron transport mecha- 
nism has yet to be established. Substances other than quinones 
also show a stimulation of the solvent-extracted mitochondrial 
system which oxidizes succinate or DPNH (19, 20). The present 
study suggests that the oxidase activity of milk and rat liver 
xanthine oxidase is due to a structure which is also present in 
succinic oxidase since both are inhibited by the same substances. 


EXPERIMENTAL 


Xanthine oxidase activity was measured in the usual Warburg 
apparatus at 37° with air as the gas phase. The flask contained 
an amount of enzyme which gave an oxygen uptake of 20 to 30 
c.mm. per 10 minutes with 0.15 ml. of 0.05 m hypoxanthine as 
the substrate; 0.2 ml. of 2.5 per cent crystalline bovine serum 
albumin was added to stabilize the activity, and sufficient 0.04 
M phosphate buffer, pH 7.4, was added to give a total volume of 
2.0 ml. in all experiments. An additional 0.2 ml. of 0.0113 m 
methylene blue was present in some of the flasks. Unless indi- 
cated otherwise, the details of the various tests were carried out 
as previously described (4). 

Milk xanthine oxidase (21) and chicken liver dehydrogenase 
(1) were prepared as indicated. Crude rat liver oxidase was 
prepared from an homogenate by high speed centrifugation; 
the enzyme was recovered from the supernatant fraction by 
discarding the precipitate from the 30 per cent saturated am- 
monium sulfate mixture and collecting the precipitate produced 
by 60 per cent saturated ammonium sulfate. Beef heart mito- 
chondria were prepared by differential centrifugation in sucrose 
(22), and the oxidation of succinate by this enzyme preparation 
was measured manometrically in a system containing 0.2 ml. of 
0.5 m sodium succinate, 0.5 ml. of 0.24 m phosphate buffer, pH 
7.4, and approximately 1 ml. of 8.5 per cent sucrose in a total 
volume of 2.0 ml. 


RESULTS 


Milk Xanthine Oxidase 


Carbonyl Reagents—The inhibition of the oxidase or dehydro- 
genase activity of the milk enzyme obtained with hydroxylamine, 
phenylhydrazine, and semicarbazide (all neutralized to pH 7) 
is shown in Fig. 1. In confirmation of the results reported by 
Dietrich and Borries (23), 0.1 to 0.01 m hydroxylamine inhibited 
the dehydrogenase group of milk xanthine oxidase; the inhibition 
was not overcome by methylene blue. Incubation of the enzyme 
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Fig. 1. The inhibition of milk xanthine oxidase by the carbonyl 
reagents: hydroxylamine (H), phenylhydrazine (P), and semicar- 
bazide (S) in the presence or absence of methylene blue (MB). 
The logarithm of the final molar concentration of the inhibitor is 
plotted against the percentage of original activity retained. Incu- 
bation of the enzyme with § or P for 30 to 45 minutes had no effect 
on the inhibition curves obtained with or without methylene blue. 
The activity was determined manometrically in the usual War- 
burg apparatus with phosphate buffer, hypoxanthine substrate, 
and air as the gas phase. One hundred per cent of the original 
activity represents an uptake of 39 and 24 ¢c.mm. of O2 per 10 min- 
utes in the presence and absence of methylene blue, respectively. 


with hydroxylamine at 37° for 30 to 45 minutes before testing 
gave more effective inhibition than simple addition of hydroxyl- 
amine to the flask. Semicarbazide and phenylhydrazine were 
effective inhibitors of the milk enzyme at 10-* m concentrations; 
this inhibition was not influenced by prior incubation of the 
enzyme with these inhibitors, and was completely reversed by 
methylene blue. Semicarbazide and phenylhydrazine therefore 
inhibited the oxidase portion of milk xanthine oxidase without 
affecting its dehydrogenase activity. 

The milk oxidase had the same absorption spectrum between 
300 and 600 my in the presence or absence of 0.001 m semicar- 
bazide. The spectrum of the enzyme treated anaerobically with 
hypoxanthine was the same with or without semicarbazide; the 
partial reduction of the flavin portion of the enzyme which was 
obtained by the addition of hypoxanthine was prevented by 
cyanide or 6-pteridylaldehyde, but not by semicarbazide. 

Reactivation of Semicarbazide-inhibited Milk Xanthine Oxidase 
—Once the milk oxidase had been inactivated by 0.001 m semi- 
carbazide, it was not reactivated by incubation for 4 hour with 
0.002 mM pyruvate, acetone, riboflavin, or NasMoQ,. Ferrous 
ammonium sulfate, 0.01 m, restored 30 to 40 per cent of the 
original activity, but the restored activity was not well sustained. 
Addition of 0.05 to 10 mg. of extra albumin per ml. or 1 x 10-4 
mole of lecithin per ml. had no effect on the activity of the milk 
oxidase or on the semicarbazide inhibition. A hot water or 
alcohol extract of the milk enzyme did not restore the activity. 

The addition of a boiled water extract of a variety of rat tissues 
(~ 0.3 gm. tissue) allowed an oxygen uptake by the milk enzyme 
in the presence of semicarbazide and hypoxanthine. The most 
active extracts were prepared from intestine, liver and blood, 
and they restored 45 to 65 per cent of the original activity of the 
semicarbazide-inhibited enzyme; the effectiveness of the rat 
liver extract was lost on ashing. Further identification was not 
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pursued because other studies established the non-specific nature 
of this response. 

Vitamin K—Fig. 2 shows a 50 per cent stimulation of the 
original aerobic activity of milk xanthine oxidase by 2-methyl- 
1 ,4-naphthoquinone (menadione), and the complete restoration 
of the aerobic activity of the semicarbazide-inhibited enzyme 
by this quinone. 2-Methyl-3-phythyl-1 ,4-naphthoquinone in 
concentrations of 0.005 to 1 mg. per flask (2 ml.) had no effect 
on the activity of untreated or semicarbazide-inhibited enzyme. 
300 wg. per ml. of hydroquinone restored 40 per cent of the 
original activity to the semicarbazide-inhibited enzyme. Mixed 
tocopherols and d-a-tocopherol (0.05 to 10 mg. per flask) were 
ineffective. 

Sulfhydryl Compounds—Glutathione in a concentration of 0.5 
mg. per ml. increased the original aerobic rate of oxidation of 
hypoxanthine (0.1 to 10 mg. per flask) by less than 10 per cent, 
and the oxidation of p-hydroxybenzaldehyde as substrate (0.3 
to 5.5 mg. per flask) by about 30 per cent. Glutathione con- 
centrations of 5 to 25 mg. per ml. increased the aerobic activity 
of the original enzyme with hypoxanthine substrate by 70 to 
90 per cent. Fig. 2 shows the effect of various concentrations of 
glutathione on the restoration of the aerobic activity of semi- 
carbazide-inhibited milk xanthine oxidase; all of the initial 
activity was restored by 0.5 to 1 mg. per ml. of GSH. Cysteine 
exhibited a similar effect; 0.5 mg. per ml. restored 50 per cent, 
while 1 mg. per ml. restored 100 per cent of the original activity. 

Chelating Agents—Fig. 2 shows the effect of 8-hydroxyquinoline 
in overcoming the semicarbazide inhibition of the milk enzyme; 
in low concentration it was without effect on the original oxidase 
activity of this enzyme with hypoxanthine or p-hydroxybenz- 
aldehyde as substrate, and higher concentrations were inhibitory 
in the presence or absence of semicarbazide; an optimal concen- 
tration (0.05 mg. per ml.) effectively reversed the semicarbazide 
inhibition. 8-Hydroxyquinoline was without effect on the 
dehydrogenase activity of the enzyme in the presence of methyl- 
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Fic. 2. Activation of the aerobic activity of milk xanthine 
oxidase by 2-methyl-1,4-naphthoquinone (K), added as an aque- 
ous suspension, and glutathione (GSH); reactivation of the semi- 
carbazide (SC) inhibited enzyme by 2-methyl-1 ,4-naphthoquinone 
(SC + K), glutathione (SC + GSH), and 8-hydroxyquinoline 
(HQ). 

The activity was determined manometrically with hypoxan- 
thine substrate and 5 mg. of albumin per 2 cc. total fluid in the 
Warburg flask; semicarbazide concentration = 0.001 m. One 
hundred per cent of the original activity was equivalent to an 
uptake of 30 c.mm. of O2 per 10 minutes. 
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ene blue. 1,10-Phenanthroline and Fe***-specific Versene! 
(ethylenediaminetetraacetate) gave similar results with the milk 
enzyme. 2-Thenoyltrifluoracetone,? 2-furoyl trifluoracetone,? 
disodium Versenate, and benzoyl acetone restored only about 
half of the semicarbazide-inhibited aerobic activity, but they 
also inhibited the methylene blue reaction about 50 per cent in 
the presence or absence of semicarbazide. 

Other Agents—Thiosemicarbazide was less effective than semi- 
carbazide as an inhibitor of the milk enzyme; a control rate with 
hypoxanthine substrate of 31 ¢c.mm. of O; per 10 minutes was 
reduced to 5 by 0.001 m semicarbazide and to 19 by thiosemicar- 
bazide in the same concentration. The effect of methylene blue, 
glutathione, and 8-hydroxyquinoline was the same with both 
the semicarbazide- and thiosemicarbazide-inhibited enzymes. 

Q-275 had no effect on the aerobic activity of untreated milk 
xanthine oxidase, and could not restore any of the semicarbazide- 
inhibited activity when tested at a final concentration of 50 ug. 
per ml. 

Six extractions of the milk enzyme with equal volumes of 
isooctane did not reduce the manometric activity of the enzyme 
with hypoxanthine substrate in the presence or absence of 
methylene blue; hence it did not alter the oxidase : dehydrogenase 
ratio by extracting an ‘“‘oxidase” grouping. 

Measurements of uric acid formation by the milk oxidase 
instead of O. uptake gave similar results. The rate of change 
of the optical density at 290 my was 0.021 per minute with 
hypoxanthine substrate, 0.007 in the presence of 0.001 m semi- 
carbazide, and 0.023 with semicarbazide plus 0.5 mg. per ml. of 
glutathione or 0.01 m 8-hydroxyquinoline. 


Rat Liver Xanthine Oxidase 


The rat liver enzyme responded to the carbonyl reagent in- 
hibitors in the same manner as the milk enzyme, except that the 
rat liver enzyme was more crude, and 100-fold higher concentra- 
tions of semicarbazide and phenylhydrazine were required to 
achieve the same degree of inhibition. Hydroxylamine was 
about as active with the rat liver enzyme as with the milk oxidase, 
and with both enzymes the hydroxylamine inhibition was not 
overcome by methylene blue. Fig. 34 shows the effect of semi- 
carbazide on the oxidase activity of rat liver xanthine oxidase 
with hypoxanthine as the substrate. Like the milk enzyme, 
the inhibition by semicarbazide was overcome completely by 
methylene blue. 

Fig. 3B shows the effect of glutathione, menadione, and 8- 
hvdroxyquinoline on the oxidase activity of the original untreated 
enzyme. In concentrations above | mg. per flask (2 ml. volume), 
glutathione stimulated this activity, and a maximal stimulation 
of about 50 per cent was obtained with 5 mg. of GSH per flask. 
Menadione (0.5 mg. per flask) increased the original activity by 
25 per cent. In concentrations of 0.5 to 10 mg. per flask, 8- 
hydroxyquinoline progressively inhibited the oxidase activity of 
the rat liver enzyme. 

Fig. 3C shows the effect of these same agents in overcoming 
the inhibition by 0.01 mM semicarbazide. Approximately 40 per 
cent of the original aerobic activity was retained at this con- 
centration. Both glutathione and menadione restored this 
activity to about the same levels observed in the absence of 


! Bersworth Chemical Company, Framingham, Massachusetts. 
2? Mideontinent Chemical Company, Chicago, Illinois. 
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Fic. 3A. The inhibition of the oxidase activity of rat liver 
xanthine oxidase by semicarbazide (plotted as the logarithm of 
the final molar concentration), and its reversal by methylene blue 
(MB). 

The effect of glutathione (G or GSH), 2-methyl-1,4-naphtho- 
quinone (K) and 8-hydroxyquinoline (HQ) on the aerobic activity 
of the untreated (3B) and semicarbazide inhibited (3C) enzyme. 
Concentrations are recorded as mg. added to the flask containing 
2 ec. of fluid. 

One hundred per cent of the original activity, as measured 
manometrically with hypoxanthine substrate, was equivalent to 
an uptake of 27 e.mm. of O: per 10 minutes. 


-3 5 10 


semicarbazide; the effective concentrations were also the same 
as those required in the absence of semicarbazide. 8-Hydroxy- 
quinoline was completely inactive; it did not restore the activity 
of the inhibited enzyme, nor did it produce any additional 
inhibition. 

Antabuse and Chalcones—The inhibition of the oxidase activity 
of milk xanthine oxidase by semicarbazide and phenylhydrazine 
was comparable with the previously demonstrated effect of 
Antabuse and chalcones on rat liver xanthine oxidase. All of 
these agents inhibited the oxidase activity of the appropriate 
enzyme without inhibiting the dehydrogenase activity, but the 
carbonyl reagents were effective with both the milk and rat liver 
enzymes, while Antabuse and the chalcones exerted an effect 
only on the rat liver enzyme. 

Figs. 4A and 5A show the inhibition of the oxidase activity of 
the rat liver enzyme by Antabuse and 3,3’,4,4’-tetrahydroxy- 
chaleone. It was demonstrated previously that these inhibitions 
could be overcome completely by methylene blue. Figs. 4B and 
5B show the restoration of this activity by menadione in the 
presence of either inhibitor. Glutathione also completely re- 
stored the activity of the chaleone-inhibited enzyme, but had 
relatively little effect on the Antabuse-inhibited enzyme. 8- 
Hydroxyquinoline was completely ineffective in overcoming 
either inhibition. 

With a higher concentration of chaleone (0.02 mg. per ml.), 
the reversal by methylene blue was often only partial and some- 
times negligible. Pig liver xanthine oxidase, prepared the same 
way as the rat liver oxidase, was completely inactivated by 0.02 
mg. per ml. of chalcone, and this inhibition was not reversed by 
methylene blue; with lower concentrations of chalcone, the 
reversal by methylene blue was partial. Beef liver xanthine 
oxidase was partially inhibited by chalcone, and the inhibition 
was completely reversed by methylene blue. It is evident that 
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Fic. 4. A, the inhibition of rat liver xanthine oxidase by Anta- 
buse, and B, the effect of 2-methyl-1,4-naphthoquinone (K), gluta- 
thione (G or GSH), and 8-hvdroxyquinoline (HQ) on the restora- 
tion of this activity. Concentrations are given as mg. per flask 
containing 2 cc. of fluid. 

One hundred per cent of the original activity, as measured 
manometrically with hypoxanthine substrate, was equivalent to 
an uptake of 33 e.mm. of O2 per 10 minutes. For the curves in 
B, the Antabuse concentration was 2 mg. per flask (2 ec.) except 
for the dotted line with GSH, wherein the antabuse concentra- 
tion was 1 mg. per flask. 
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Fig. 5. A, the inhibition of rat liver xanthine oxidase by 3,3’, 
4,4’-tetrahydroxychalcone, and B, the effect of 2-methyl-1,4- 
naphthoquinone (K), glutathione (G or GSH), and 8-hydroxy- 
quinoline (HQ) on the restoration of this activity. 

One hundred per cent of the original activity was equivalent to 
an uptake of 31 ¢.mm. O:2 per 10 minutes. The chalcone concen- 
tration was 0.012 mg. per flask (2 ec.) for the K + HQ curves, 
and was 0.006 mg. per flask for the GSH curve in B. 


low concentrations of chalcone specifically inhibit the oxidase 
group, while higher concentrations also inhibit the dehydrogenase 
activity. 


Chicken Liver Xanthine Dehydrogenase 


Since the chicken liver xanthine dehydrogenase has negligible 
oxidase activity and is tested in the presence of methylene blue 
for its dehydrogenase activity, no effect of semicarbazide was 
expected or obtained. 
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Fig. 6 shows the effect of menadione in linking the activity of 
the chicken liver dehydrogenase to oxygen. Increasing aerobic 
activity was obtained with concentrations of menadione from 
0.01 to 10.0 mg. per flask; the highest concentration tested gave 
75 per cent of the activity obtained with methylene blue. 
Neither menadione nor 8-hydroxyquinoline had any effect on 
the dehydrogenase activity measured in the presence of methyl- 
ene blue, while higher concentrations of glutathione (5 mg. per 
ml.) markedly stimulated this dehydrogenase activity. No 
oxygen was consumed when 0.25 mg. per ml. of Q-275 replaced 
methylene blue in the usual assay procedure. Glutathione and 
8-hydroxyquinoline were completely inactive in the absence of 
methylene blue, and were therefore unable to alter the dehydro- 
genase so that it would react directly with oxygen. Neither 
a-tocopherol nor 2-methyl-3-phytyl-1 ,4-naphthoquinone in con- 
centrations of 0.05 to 10 mg. per flask had any effect on the 
activity of this enzyme in the presence or absence of methylene 
blue; unlike menadione, they were incapable of conferring oxidase 
activity upon the dehydrogenase enzyme. 

Succinic Oxidase 

The effect of semicarbazide on the aerobic oxidation of suc- 
cinate by beef heart mitochondria is shown in Fig. 7A. The 
succinic Oxidase was less sensitive to semicarbazide than the 
milk xanthine oxidase, but was roughly comparable with the 
rat liver oxidase since a final concentration of 0.1 M was required 
to produce essentially complete inhibition. Thiosemicarbazide 
gave the same inhibition curve as semicarbazide. Unlike both 
the xanthine-oxidizing enzymes, methylene blue gave only a 
slight reversal of the semicarbazide inhibition of succinic oxidase. 
Since methylene blue does not react directly with succinic de- 
hydrogenase in particulate preparations (24), the site of the 
semicarbazide inhibition could be the dehydrogenase itself, but 
a possible effect elsewhere along the electron transport chain has 
not been excluded. Figure 7B shows a similar degree of inhibi- 
tion of succinic oxidase by 0.01 m hydroxylamine (25) or 0.001 
M phenylhydrazine. 
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Fic. 6. The effect of 2-methyl-1,4-naphthoquinone (K) in con- 
ferring aerobic oxidase activity upon chicken liver xanthine de- 
hydrogenase, and the stimulation of the dehydrogenase activity 
by glutathione (GSH). 

Activity was measured manometrically in the presence and ab- 
sence of methylene blue with hypoxanthine substrate and albumin 
stabilizer. One hundred per cent activity was obtained in the 
usual way with methylene blue added to the Warburg flask, and 
represented an uptake of 22 c.mm. of O2 per 10 minutes. K and 
HQ had no effect in the presence of MB. GSH and HQ had no 
activity in the absence of MB. 
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tained. Increasing concentrations of albumin and glutathione 
A 8 progressively overcame the semicarbazide inhibition. 8-Hy- 
droxyquinoline was partially effective, while menadione and 
{ were completely inert. 
> A concentration of 0.2 mg. per ml. of Q-275 was strongly inhibi- 
5 tory to the untreated succinic oxidase activity (reducing the O- 
- - uptake from 30 ¢.mm. per 10 minutes to 5), and did not over- 
4 z= come the semicarbazide inhibition of this system. 
50 Chalcone and Antabuse—Both 3,3’ ,4,4’-tetrahydroxychalcone 
rT) and Antabuse inhibited the succinic oxidase system, as shown 
= in Figs. 9 and 10. The succinic oxidase system was more sensi- 
tive to low concentrations of Antabuse than was the rat liver 
al enzyme, while the latter was more sensitive to the chalcone. 
LOG. MOLAR CONCENTRATION inhibition, and at a concentration of 10 mg. per flask, it gave the 


Fic. 7. The inhibition of the aerobic oxidation of succinate by 
beef heart mitochondria: A, by semicarbazide (SC) in the presence 
or absence of methylene blue (MB), and B, by hydroxylamine 
(HA) and phenylhydrazine (PH). 

One hundred per cent activity = 36 ¢.mm. of O: per 10 minutes. 
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Fic. 8. The effect of various agents on the oxidation of succi- 
nate by beef heart mitochondria: A, in the absence of any in- 
hibitors, and B, in the presence of a final concentration of 0.1 m 
semicarbazide (SC); glutathione (G or GSH), albumin (Alb), 
8-hydroxyquinoline (HQ), 2-methyl-1,4-naphthoquinone (K), 2- 
methyl-3-phytyl-1,4-naphthoquinone (K-P). 

The original activity equivalent to 100 per cent activity varied 
in different experiments from 37 to 55 ¢.mm. of O2 per 10 minutes; 
16 to 32 per cent of the original activity was retained in the pres- 
ence of 0.1m SC. All concentrations are recorded as mg. per 2 
ec. of fluid in the flask. In B the seale for G also applies to HQ 
and K. The scale for Alb (not shown) is twice the KP scale. 


The effect of various agents on the activity of the original 
uninhibited succinic oxidase is shown in Fig. 8A. Glutathione 
in low concentrations (0.01 to 0.02 mg. per ml.) produced some 
slight inhibition, but stimulated the activity of this system by 50 
per cent when present at 5 mg. per ml. Albumin, 8-hydroxy- 
quinoline, 2-methyl-3-phytyl-1 ,4-naphthoquinone, and methyl- 
ene blue in concentrations of 10-* to 10-® m (not shown) were 
without major effect; increasing concentrations of menadione 
progressively inhibited the activity. When these same agents 
were added to the enzyme system that had been inhibited by 
0.1 mt semicarbazide, the results shown in Fig. 8B were ob- 


same 50 per cent stimulation observed with the uninhibited 
enzyme. 8-Hydroxyquinoline also completely overcame the 
chalcone inhibition at an optimal concentration of 0.4 mg. per 
flask, but higher concentrations were inhibitory. Methylene 
blue partially overcame the chalcone, but was relatively ineffec- 
tive in overcoming the Antabuse inhibition. S-Hydroxy- 
quinoline had no effect on the Antabuse inhibition, and the 
naphthoquinones were without significant effect on either 
inhibitor. 


d-Amino Acid Oxidase 


None of the carbonyl reagents were very effective inhibitors 
of the metal-free flavoprotein, d-amino acid oxidase (Worthing- 
tion), in the manometric O.-uptake assay with alanine as sub- 
strate. A final concentration of 0.1 mM semicarbazide, with or 
without incubation, left 90 per cent of the original activity; with 
0.1 m hydroxylamine at least 3 of the original activity of this 
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Fic. 9A. The inhibition of the aerobic oxidation of succinate 
by beef heart mitochondria by 3,3’,4,4’-tetrahydroxychalcone, 
and B, the effect of various agents on the inhibition produced by 
0.04 mg. of chaleone per flask. The abbreviations are the same 
as in Fig. 8. 

One hundred per cent activity = 38 to 48 ¢.mm. of O:2 per 10 
minutes. Concentrations for all substances except MB are given 
in mg. per flask containing 2 ec. of fluid. In B, the seale for G 
also applies to HQ and K-P; The scale for K (not shown) is , of 
G. Methylene blue is given as the logarithm of the molar con- 
centration. 
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Fic. 10A. The effect of Antabuse on the aerobic oxidation of 
succinate by beef heart mitochondria, and B, the effect of various 
agents on the inhibition produced by 0.4 mg. of Antabuse per flask. 
The same abbreviations are used as in Figs. 8 and 9. 


One hundred per cent activity = 23 to 32 e.mm. of O2 per 10 | 


minutes. 

Concentrations for all substances except MB are given in mg. 
per flask (2 cc.); the scale for G also applies to HQ and K-P; the 
scale for K (not shown) is 75 of G. MB is given as the logarithm 
of the molar concentration. 


enzyme remained even after preliminary incubation for 30 
minutes. Phenylhydrazine did not inhibit at 0.001 m, but 
showed some effect at 0.01 M. 


Semicarbazide in vivo 


Two groups of weanling male rats were fed Purina dog chow 
plus 0.1 per cent semicarbazide hydrochloride; each rat in the 
second group was also given 1 mg. of 2-methyl-1 ,4-naphtho- 
quinone daily in 0.1 ml. of sesame oil by subcutaneous injection. 
After 5 weeks, the livers were analyzed for xanthine oxidase in 
the presence and absence of methylene blue (26), and compared 
with an untreated control group maintained on chow. 

The results are shown in Table 1. The semicarbazide feeding 
significantly lowered the liver xanthine oxidase, and menadione 


TABLE 


Effect of feeding 0.1 per cent semicarbazide to weanling rats for 5 
weeks on liver xanthine oxidase activity 


Body weight Liver xanthine oxidase* 


| No. of 
5 —Met + Methylene ana 
gm. | gm. c.mm. O2/20 min./flask 
Chow 41 | 174 (34 + 2.4454 + 3.62) 6 


Chow + 0.1 per cent | 40 | 115 |19 + 1.7838 4 3.42) 9 
semicarbazide | 

Chow + 0.1 per cent | 41 | 111 28 + 3.32144 + 3.73) 8 
semicarbazide + men- | 
adionet 


* Mean + standard error of mean. 
+ 1 mg. of 2-methyl-1,4-naphthoquinone injected subcutane- 
ously into each rat daily. 
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administration partially restored it. However, a comparison 
of the enzyme activities as measured in the presence and absence 
of methylene blue demonstrated that the semicarbazide feeding 
decreased the dehydrogenase as well as the oxidase activity of 
this enzyme. Semicarbazide did not exert its effect by specifi- 
cally blocking the oxidase portion of the enzyme. Menadione 
did not prevent the retardation of growth or the osteolathyrism 
produced by semicarbazide-feeding. All of the rats in both 
semicarbazide-fed groups exhibited the skeletal exostoses and 
spinal curvature characteristic of osteolathyrism (27), and the 
extent of bone changes was as great in the menadione-treated 
rats as in those receiving semicarbazide alone. 
DISCUSSION 

The inhibition of the oxidase activity of the xanthine enzymes 
by semicarbazide and phenylhydrazine might suggest a reaction 
with a carbonyl! component of the enzyme. However, a semi- 
carbazone derivative would not be expected to form under the 
mild neutral conditions of the enzyme tests, and once formed 
would not be disrupted by glutathione or hydroxyquinoline. 
Hence, any reaction between these inhibitors and the enzyme 
must be a loose complex irrespective of the nature of the com- 
ponent of the enzyme with which they react. 

The iron present in the enzyme is undoubtedly involved in 
these inhibition effects. Thiosemicarbazide chelates with ferric 
ions to give a colored compound in acid solution; it acts like 
semicarbazide and phenylhydrazine in blocking the oxidase 
activity of the xanthine enzymes. The reversal of the semi- 
earbazide inhibition by S8-hydroxyquinoline or ferric-specific 
Versene seems to be concerned with the chelation of the enzyme 
iron by these substances, and as a result of this chelation, the 
displacement of the inhibitor from the enzyme. Similarly, the 
reversal of the semicarbazide inhibition by sulfhydryl compounds, 
such as glutathione, can be attributed to a reaction with the 
iron and a displacement of the inhibitor from the iron. These 
carbony! reagents also act like chelating agents in blocking the 
oxidation of homogentisic acid, and this inhibition can be reversed 
by ferrous ions (28). The oxidase activity of the enzyme is not 
apt to be due to the iron alone because the dehydrogenase also 
contains iron without being autooxidizable, and treatment with 
8-hydroxyquinoline or glutathione does not convert the iron of 
the dehydrogenase into an oxidase grouping. 

The oxidase activity of xanthine oxidase can therefore be 
attributed to a particular kind of Fe-FAD structure, or to a 
complex between the iron and another unknown group, such as 
a quinone. The inhibitions and reversals would apply equally 
with respect to either suggestion, since the point of attack is the 
iron rather than the associated group. While no evidence for 
the existence of a quinone in xanthine oxidase has been obtained, 
the results have demonstrated that a suitable quinone can fulfill 
the function of an oxidase group in all three xanthine enzymes. 
If such an iron-quinone structure were present in the milk and 
rat liver oxidases, it would have to function well as a link to 
oxygen, but would be a poor link to cytochrome c. Iron without 
the quinone in the chicken liver dehydrogenase would have to 
react poorly with oxygen and well with cytochrome c in order to 
explain the different activities of these enzymes (29). However, 
such a concept is not supported by the observation that the 
reduction of cytochrome c by the chicken liver dehydrogenase 
with hypoxanthine or DPNH substrates is stimulated 40 per 
cent and 600 per cent, respectively, by the addition of menadione. 
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A comparison (7) of the metalloflavoproteins with respect to 
spectrum, iron content, and reactivity with oxygen provides a 
different possible explanation of the aerobic activity of some of 
these enzymes. d-Amino acid oxidase has a typical flavin 
spectrum, is free from metal (30), and reacts readily with oxygen 
to form HO». Milk and rat liver xanthine oxidases contain 
4Fe:1 FAD, and have an atypical spectrum in which the flavin 
component is still clearly recognizable; both react with oxygen 
to form HO, The chicken liver dehydrogenase contains 8 
Fe:1 FAD, and has a spectrum in which the flavin component 
can no longer be recognized. Succinic dehydrogenase from beef 
heart (31) or bakers’ yeast (32) contains 4Fe:1 FAD and has 
a spectrum in which the flavin component is difficult to recognize. 
None of the dehydrogenases react with oxygen. The presence of 
Mo in the xanthine enzymes has no effect on the spectrum. If 
these spectral differences are due only to the iron and the flavin, 
then it is evident that the prosthetic group in the dehydrogenase 
is an Fe-flavin complex rather than a simple flavin nucleotide. 
Moreover, the disappearance of the flavin absorption from the 
spectrum of these dehydrogenases can only be interpreted as an 
alteration in the isoalloxazine ring to such an extent that it no 
longer exists as the simple riboflavin structure. Any other effect 
of the iron on the spectrum would leave the flavin portion 
recognizable because it would be additive to whatever other 
changes did occur. The dehydrogenases therefore fail to react 
with oxygen because they contain a nonautooxidizable Fe-FAD 
prosthetic group, rather than an autooxidizable flavin nucleotide. 
When the flavin structure is sufficiently intact to be recognizable 
in the spectrum, as it is with the milk and rat liver enzymes, 
then the enzyme reacts directly with oxygen. A flavin “‘differ- 
ence spectrum” can not be demonstrated for the reduction of the 
chicken liver dehydrogenase by its substrate because an unaltered 
flavin structure does not exist in the active prosthetic group. 
If the flavin spectral alterations in the dehydrogenases are due 
to some unidentified component of the enzyme rather than the 
iron, the same general considerations should apply, but the 
active prosthetic group would then be FAD-X*Fe instead of an 
Fe-FAD complex. 

The gradations in spectra from “pure flavin” in d-amino 
oxidase to “‘partial flavin” in the xanthine oxidases to “‘no flavin” 
in xanthine dehydrogenase can be related to the presence of 0, 
4, and 8 atoms of Fe per flavin, respectively. All of the iron in 
the enzyme need not be combined with the flavin in order to 
produce such spectral changes. A ratio of 2 Fe:1 flavin in 
succinic dehydrogenase is sufficient to alter the flavin charac- 
teristics of the spectrum (31). The milk enzyme could theoreti- 
cally have one flavin present as Fe-FAD and the other present 
as a simple nucleotide to give the “mixed” spectrum actually 
observed; this concept is attractive because it could explain 
some of the puzzling features of the milk enzyme. However, 
the rat xanthine oxidase also has a spectrum similar to milk 
xanthine oxidase, and it has only one molecule of flavin present 
in the enzyme. 

The combination of iron and flavin can not be a simple chela- 
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tion because of the marked spectral changes and because of the 
inability of riboflavin to chelate with ferric iron (33), the form 
present in succinic dehydrogenase (34). As a structural part of 
the Fe-FAD prosthetic group, the Fe need not enter into electron 
transfers, though it obviously might do so with certain acceptors. 
The iron must also have an attachment to the protein which is 
independent of the flavin because the flavin can be removed from 
milk xanthine oxidase without removing the iron (7). 

Fridovich and Handler (35) have postulated a mechanism of 
action for milk xanthine oxidase in which electrons are removed 
from the substrate by one FAD, passed to the other FAD via 
an Fe bridge, and then transferred to oxygen by the second FAD. 
Such a mechanism could not explain the oxidase activity of the 
rat liver enzyme because the latter contains only one FAD. 
This mechanism for the milk enzyme was based on studies which 
showed an inhibition of oxygen but not cytochrome c¢ reduction 
by excess substrate. However, the dehydrogenation of hypo- 
xanthine substrate by milk xanthine oxidase and the transfer of 
electrons to oxygen or methylene blue is at least 40 times faster 
than the transfer of electrons to cytochrome c by the same 
enzyme. Hence, the reaction with oxygen or methylene blue 
could be inhibited some 40-fold before any effect could be ob- 
served on cytochrome c reduction, irrespective of the mechanism 
of inhibition of the dehydrogenation reaction. 


SUMMARY 


1. Semicarbazide and phenylhydrazine blocked the aerobic 
oxidation of hypoxanthine by milk and rat liver xanthine oxidase, 
but had no effect on the dehydrogenase activity of these enzymes 
in the presence of methylene blue. The semicarbazide inhibi- 
tion of both enzymes was reversed by 2-methyl-1 ,4-naphtho- 
quinone or glutathione; an optimal concentration of 8-hydroxy- 
quinoline also reversed the semicarbazide inhibition of the milk 
enzyme. The inhibition of the oxidase activity of the xanthine 
enzymes by these carbonyl reagents was attributed to the chela- 
tion of the enzymatic iron. 

2. The specific inhibition of the aerobic activity of the rat 
liver xanthine oxidase by 3,3’,4,4’-tetrahydroxychalcone or 
Antabuse was reversed by menadione and glutathione, but not 
by 8-hydroxyquinoline. 

3. The carbonyl reagents, as well as Antabuse and chalcone, 
inhibited the oxidation of succinate by beef heart mitochondria. 
Methylene blue was partially effective in overcoming some of 
these inhibitions. All of the inhibitions were reversed by gluta- 
thione, and some were partially reversed by 8-hydroxyquinoline; 
naphthoquinones were ineffective. 

4. Feeding 0.1 per cent semicarbazide to weanling rats for 5 
weeks decreased the liver xanthine oxidase to 55 per cent of the 
control level; the dehydrogenase activity of the enzyme decreased 
correspondingly with the oxidase activity. Injecting 1 mg. per 
day of menadione into the semicarbazide-fed rats restored the 
liver xanthine oxidase to 80 per cent of normal, but did not 
prevent the growth retardation or the development of osteolath- 
yrism. 
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The oxidase and dehydrogenase activities in the enzymes 
oxidizing xanthine can be differentiated by the use of certain 
inhibitors (1). The present study was designed to see if such 
inhibitors are specific for the reaction with oxygen, or whether 
these agents also block the transfer of electrons to cytochrome 
c and nitrate. Both reduced diphosphopyridine nucleotide and 
hypoxanthine were studied as substrates because they represent 
separable activities in the xanthine enzymes. 


EXPERIMENTAL 


Milk and rat liver xanthine oxidase as well as chicken liver 
xanthine dehydrogenase were studied by previously described 
procedures (1, 2). The manometric oxvgen consumption was 
measured (1) in the presence and absence of methylene blue, 
phosphate buffer, pH 7.4, and 5 mg. of albumin stabilizer for 
the milk enzyme; the substrate was 0.15 ml. of 0.05 m hypo- 
xanthine or DPNH, and the total volume was 2 ml. 

The reduction of cytochrome ¢ was measured (2) by the change 
in optical density at 550 my in a system containing tris(hydroxy- 
methyDaminomethane buffer, pH 8, catalase, 1.6 mg. of evto- 
chrome c, and 2.5 wmoles of hypoxanthine or DPNH; when 
present, 0.1 ml. of a saturated solution of S-hydroxyvquinoline 
and 0.37 umole of FeCl; were part of the total 3 ml. volume. 
The reaction with the milk and chicken liver enzvme was exposed 
to air, while the reduction of cytochrome ¢ by the rat liver oxidase 
proceeded better when protected from air. 

The reduction of nitrate (3) was carried out in Thunberg tubes 
under N» at the optimal pH of 4.6 for the milk oxidase and at 
the optimal pH of 5.3 for chicken liver xanthine dehydrogenase ; 
the rat liver oxidase was also tested at pH 5.3. The tube con- 
tained 1 mil. of 0.6 am KNOs, 0.5 ml. of 1.0 Mm acetate buffer, pH 
4.6 or 5.3, and 3.2 ml. of enzyme in water; the side arm contained 
0.3 ml. of 0.05 hypoxanthine in 0.05 m NaOH. After equilibra- 
tion for 10 minutes at 37°, the contents were mixed and incubated 
for 1 hour. An aliquot was then deproteinized with trichloro- 
acetic acid and analyzed for nitrite (4). Nitrite was not reduced 
further by any of the xanthine enzymes. 

The inhibitors were prepared and tested as previously described 
(1, 2). 6-Pteridylaldehyde and 3,3’ 
(chaleone) were added to the test system in a final concentration 
of 0.015 and 0.01 mg. per ml., respectively, except that 0.01 mg. 
per ml. of 6-pteridylaldehyde was used in all studies of nitrate 
reduction and in the reduction of cytochrome ¢ by milk enzyme. 


* This study was aided by a grant from the National Institute 
of Arthritis and Metabolic Diseases, National Institutes of 
Health, United States Public Health Service (No. PHS A-586). 

+ Present address, Medical College of Virginia, Richmond, 
Virginia. 


Semicarbazide was added to the test system in a final concentra- 
tion of 10-% m for all studies with the milk enzyme, and in a 
concentration of 0.1 mM for all studies with rat and chicken liver 
enzymes. Each enzyme was incubated at 37° for 45 minutes 
in 0.1 Mm hydroxylamine or 2.5 10-3 M cyanide before it was 
added to the test system in all studies of these inhibitors. 

The rat liver enzyme preparation oxidized DPNH very rapidly, 
and this was presumably due to the presence of a contaminant 
in the DPNH or the enzyme; hence the oxidation of DPNH by 
rat liver xanthine oxidase was not studied. Similarly, the com- 
bination of methylene blue and DPNH was omitted because the 
dve was reduced by DPNH in the absence of enzyme. 


RESULTS 


Table I shows the comparative activities of the different 
xanthine enzymes with hypoxanthine or DPNH used as sub- 
strates, and four different electron acceptors (Oz, methylene 
blue, cytochrome c, and nitrate). The outstanding features of 
this comparison are the following: (a) milk xanthine oxidase 
reacted very slowly with cytochrome ¢ or nitrate in comparison 
with its reaction with methylene blue or oxygen, while the chicken 
liver dehydrogenase reacted well with eytochrome c¢; (6) neither 
the milk nor the chicken liver enzymes utilized DPNH substrate 
readily with any electron acceptor, and could not utilize DPNH 
at all for nitrate reduction; (¢) rat liver xanthine oxidase was 
similar to the milk enzyme in those activities which were studied; 
(d) in all cases where the initial reaction with cytochrome ¢ was 
sluggish, the rate was speeded appreciably by the addition of 
S-hyvdroxyquinoline and Fe*+*+*; however, the maximal rate 
achieved with stimulation was still small when compared with 
the reduction of cytochrome ¢ by the chicken liver dehydrogenase, 
and the latter reaction was stimulated only slightly by S-hydroxy- 
quinoline plus iron. Since | mg. of purified milk or rat liver 
enzyme (5) and | mg. of chicken liver enzyme will reduce approxi- 
mately 1 and 3 wmoles of oxygen per minute respectively in the 
presence of methylene blue, the values in Table I represent the 
activities of about 1 mg. of milk xanthine oxidase, | mg. of rat 
liver xanthine oxidase, and 4 mg. of chicken liver xanthine dehy- 
drogenase, respectively. 

The manometric oxidation of DPNH substrate by the milk 
enzyme was stimulated at least 2.5-fold by the addition of 25 yg. 
or more of 2-methyl-1 ,4-naphthoquinone (menadione) per ml; 
no reaction took place in the absence of the enzyme. S-Hydroxy- 
quinoline, 0.01 m, with or without FeCl; also stimulated the 
oxidation of DPNH by at least 70 per cent. 

Table Il shows that those inhibitors which blocked the de- 
hydrogenase activity of the xanthine enzymes with respect to 
hypoxanthine substrate and methylene blue also blocked this 
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TABLE I 


Oxidation of hypozanthine (Hx) and DPNH substrates by three 
xanthine enzymes with different electron acceptors 


All values have been recorded as umoles of oxygen, cytochrome 
c, or nitrate reduced per minute per ml. of each enzyme, and are 
directly comparable for any one enzyme. These activities rep- 
resent 1 mg. of milk or rat liver xanthine oxidase and 4 mg. chicken 
liver xanthine dehydrogenase. 

Oxygen consumption was measured manbmetrically in the pres- 
ence and absence of methylene blue (mb.). Cytochrome reduc- 
tion was measured by the change in optical density at 550 my in 
the absence and presence of 8-hydroxyquinoline (HQ) or 8-hy- 
droxyquinoline plus ferric chloride. Nitrate reduction was meas- 
ured as nitrite formed anaerobically. 


Oxygen Cytochrome c 
Enzyme Substrate pee + HQ Nitrate 
mb FeCl; 
Milk xanthine oxi- Hx 0.82 |1.00'0.020\0.04110.051; 0.012 
dase DPNH (0.044 —0.010/0.0190. 0 
Chicken liver xan- Hx 1.00.0. 553'0.648/0.735) 0.011 
thine dehydro- | DPNH 0.026 0.039 0 
genase 
Rat liver xanthine Hx 0.74 '1.00'0.019:0.021:0.042! 0.041 
oxidase | 
TABLE II 


Percentage inhibition of zanthine enzymes by various inhibitors 
with hypoxanthine (Hx) and DPNH substrates 
and four different electron acceptors 


Enzyme Substrate Inhibitor 
Milk xan- Hx CN,PA,HA* |100 |100 
thine oxi- Chalconet 10; 5) O 25 
dase SCtr 90; 10; 10 45 
DPNH| CN,PA,HA 0 50°; 25 5 
Chalcone 0 60 
SC 0 15 
Chicken liver Hx CN,PA,HA 100/100 100 ®}100 100 
xanthine Chalcone 0} 60 | 70 | 40 | 65 
dehydro- SC 0; 0}; O 
genase DPNH! CN,PA,HA 0; 0; O 
Chalcone 100 |100 |100 
SC 0; 0} O 
Rat liver xan- Hx CN,PA,HA 90; 90; 90 | 80 | 90 |100 
thine oxi- Chalcone 100} 5/100 |100 
dase SC 80 20/100 100 100 


* Similar results were obtained by adding 6-pteridylaldehyde 
(PA) or by incubating the enzyme with cyanide (CN) or hydroxyl- 
amine (HA). All inhibitions between 90 and 100 per cent were 
recorded as 100. Hydroxylamine gave 45° and 75 per cent ® inhibi- 
tion instead of 100. * PA gave 25 per cent and HA gave no inhi- 
bition, while CN gave 50 per cent. 

t 3,3’,4,4’-Tetrahydroxychalcone. 

t Semicarbazide. 
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activity with respect to all other electron acceptors (Os, cyto- 
chrome c, and nitrate). Hydroxylamine, 6-pteridylaldehyde, 
and cyanide inhibited the purine dehydrogenase group of all 
three enzymes. With DPNH as substrate, these three inhibitors 
had little or no effect on oxygen uptake by the milk enzyme, or 
on cytochrome c reduction by either the milk or chicken liver 
enzymes. The chalcone had little or no effect on milk xanthine 
oxidase with hypoxanthine as substrate and any of the four 
electron acceptors. The dehydrogenase activity of both the 
rat and chicken liver enzymes toward hypoxanthine was un- 
affected by chalcone with methylene blue acceptor, but the reac- 
tion of the rat liver enzyme with O», cytochrome c, and nitrate 
was completely inhibited. The reduction of cytochrome c and 
nitrate by the chicken liver enzyme was partially inhibited by 
chalcone. The oxidation of DPNH substrate by the milk 
enzyme was not influenced by chalcone, but the reduction of 
cytochrome c by the milk or chicken liver enzyme was partially 
or completely blocked. 

Semicarbazide blocked the aerobic oxidation by hypoxanthine 
by the milk and rat liver enzymes, but had no effect on methylene 
blue reduction by all three enzymes. The reduction of cyto- 
chrome c by milk and chicken enzymes was not inhibited by 
semicarbazide, but the same reaction by the rat liver enzyme 
was completely blocked. The reduction of nitrate by all three 
enzymes was partially or completely inhibited; the 45 per cent 
inhibition of the milk oxidase with 107° m semicarbazide was 
increased to 100 per cent inhibition by 0.1 m semicarbazide. 
Semicarbazide was without effect on the aerobic oxidation of 
DPNH by the milk oxidase or on the reduction of cytochrome c 
by milk or chicken liver enzyme with DPNH as substrate. 


Other Inhibitors 


Pyridoral—Pyridoxal was found to be a good substrate for 
liver aldehyde oxidase (6, 7), but neither pyridoxal nor pyridoxal 
phosphate was oxidized by milk xanthine oxidase. Both 
pyridoxal and pyridoxal phosphate inhibited the oxidation of 
hypoxanthine by the milk enzyme. Pyridoxal concentrations of 
0.05, 0.25, and 1.0 mg. per ml. gave inhibitions of about 30, 65, 
and 75 per cent, respectively; identical results were obtained 
when the amount of substrate added to the flask was varied from 
0.05 to 0.3 ml. of 0.05 m hypoxanthine. A 50 per cent inhibition 
of activity was produced by a pyridoxal concentration of 0.1 to 
0.15 mg. per ml., and this was restored to 70 per cent of the 
initial rate by 0.5 to 1.5 mg. per ml. of glutathione. Methylene 
blue, 8-hydroxyquinoline, and Fe+++-specific Versene did not 
overcome the inhibition by pyridoxal or pyridoxal phosphate. 
Pyridoxine was not oxidized and did not inhibit the aerobic 
oxidation of hypoxanthine by milk xanthine oxidase. Pyridoxal 
phosphate (0.5 to 1.0 mg. per ml.) had little or no inhibitory 
effect on urease, uricase, tyrosinase, alcohol dehydrogenase, or 
carbonic anhydrase. 

Since aldehydes and purines are activated at the same site on 
the enzyme, it seems probable that the inhibition produced by 
pyridoxal can be attributed to a loose blocking of this site by an 
inert aldehyde. 6-Pteridylaldehyde was a more effective in- 
hibitor of this site, with inhibition starting at about 4 x 10-* 
M, and being reasonably complete at 4 « 10-5 m in the presence 
or absence of methylene blue. Irrespective of the order of ad- 
dition, the inhibition produced by 2.5 « 10-‘ m 6-pteridylalde- 
hyde was not overcome at all in the aerobic manometric assay 
by glutathione (0.5 mg. per ml.) or by 0.001 m concentrations of 
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ferrous ammonium sulfate, sodium molybdate (with or without 
silicic acid), or by 0.01 m 8-hydroxyquinoline. 

Others—10-5 mM 2,3-mercaptopropanol (BAL) inhibits liver 
aldehyde oxidase by 50 per cent (7), but 10-3 to 10-* m 2,3- 
mercaptopropanol did not inhibit either the milk or rat liver 
xanthine oxidase when tested manometrically in the presence or 
absence of methylene blue. Incubation of the enzyme with 
2,3-mercaptopropanol for 1 hour before testing also did not 
produce any inhibition. 

Concentrations of less than 0.5 mg. of dicumarol per flask had 
no inhibitory effect on the aerobic activity of milk xanthine oxidase 
with hypoxanthine substrate; 1 and 10 mg. per flask decreased 
this activity to 75 and 55 per cent of the original, respectively. 
When the flask contained 10 mg. of dicumarol, the addition of 
0.5 to 10 mg. of menadione restored the activity to the original 
100 per cent, but did not give the additional 50 per cent stimula- 
tion observed in the absence of dicumarol. 2-Methyl-3-phytyl- 
1 ,4-napthoquinone did not overcome the dicumarol inhibition. 
Similar concentrations of dicumarol inhibited the succinic 
oxidase system to about the same extent, but the inhibition pro- 
duced by 10 mg. of dicumarol per flask was not overcome by 
0.1 to 10 mg. per flask of menadione. 

A concentration of 0.1 or 0.5 mg. of antimycin per flask had 
no inhibitory effect on the aerobic activity of milk xanthine 
oxidase with hypoxanthine substrate. 

p-Chloromercuribenzoate, 4.4 X 10-4 m, inhibited the oxida- 
tion of hypoxanthine by milk xanthine oxidase almost completely, 
while it inhibited the initial oxidation of DPNH by only 50 
per cent; the inhibition of DPNH oxidation by p-chloromercuri- 
benzoate tended to decrease with time. In both cases, 0.5 mg. 
per ml. of glutathione completely prevented the inhibition. 
These findings are in essential agreement with the report by 
Weber and Kaplan (8) that an appropriate concentration of this 
substance will inhibit the oxidation of hypoxanthine without 
affecting the oxidation of DPNH. 


Nitrate Reduction 


The reduction of nitrate by chicken liver xanthine dehydro- 
genase with hypoxanthine as substrate was completely inhibited 
by 2 « 10-4 m CuSO, or HgCl.. Complete inhibition was also 
effected by 0.02 m arsenite, tetraborate, ferricyanide, ferrocyanide, 
pyrophosphate, and bisulfite; citrate had no effect. 

When 0.02 m molybdate replaced nitrate in this test procedure 
with the chicken liver enzyme, a colloidal molybdenum blue 
color could be detected within 5 minutes, and became intense 
within 1 hour. The molybdate did not inhibit the reduction of 
nitrate when both were present together, and the solution 
remained clear with only a slight tinge of blue. Thus, in the 
absence of other electron acceptors, the added molybdate was 
reduced. These observations agree in general with the concept 
that the enzymatic Mo is reduced in the process of nitrate reduc- 
tion (9). However, commercial molybdenum blue could not be 
substituted for hypoxanthine in the enzymatic reduction of 
nitrate to nitrite, and the added molybdate acted as an external 
electron acceptor in the nitrate test system. 

The rate of reduction of nitrate by milk xanthine oxidase was 
doubled by the addition of 0.2 ml. of a saturated solution of 8- 
hydroxyquinoline to the test system. A 3-fold increase was 
obtained with the quinoline plus 50 ug. of ferrous or ferric ions. 
Ferrous iron alone doubled the rate of reduction of nitrate by the 
chicken liver dehydrogenase, and stimulated the reduction of 
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nitrate 5-fold by the milk enzyme. Ferrous ions did not reduce 
nitrate in the absence of enzyme, would not substitute for hypo- 
xanthine as a source of electrons for nitrate reduction by either 
enzyme, and did not overcome or protect against the semicar- 
bazide inhibition. 


DISCUSSION 


The factors affecting the oxidation of DPNH by both the 
milk and chicken liver xanthine enzymes are so different from 
those affecting the oxidation of hypoxanthine, that two separate 
systems seem to be involved. The evidence can be summarized 
as follows: (a) both enzymes have little activity toward DPNH 
as compared with hypoxanthine; (6) DPNH ean not act for 
hypoxanthine as a substrate for nitrate reduction; (c) cyanide, 
6-pteridylaldehyde, and hydroxylamine all block the dehydro- 
genase activity of the enzyme with hypoxanthine as substrate, 
but have no effect on the oxidation of DPNH; (d) semicarbazide 
blocks the reaction with oxygen when hypoxanthine is the sub- 
strate for milk xanthine oxidase, but has no effect on this reaction 
with DPNH as substrate; (e) the aerobic oxidation of hypo- 
xanthine by the milk enzyme is stimulated 50 per cent by 
menadione, while the corresponding oxidation of DPNH_ is 
stimulated much more; (f) p-chloromercuribenzoate in appro- 
priate concentration inhibits the oxidation of hypoxanthine 
without affecting the oxidation of DPNH (8); (g) aldehydes 
compete with purines for an active site on rat liver xanthine 
oxidase, but DPNH does not (5). It is also interesting to note 
that the cyanide-treated enzyme is still capable of reacting with 
cytochrome c when DPNH is the substrate. 

Whether these two separable systems are different enzymes or 
different portions of the same enzyme is not clearly established. 
Numerous flavoproteins can oxidize DPNH, and this would not 
be an unusual reaction for the xanthine enzymes. All three of 
the highly purified xanthine-oxidizing enzymes from milk, rat 
liver, and chicken liver retain some ability to oxidize DPNH, 
and it seems unlikely that a DPN H-oxidiase contaminant would 
be carried along with these three enzymes from three different 
sources through three different purification procedures. When 
measured aerobically, the crystalline milk enzyme had about 1 
per cent of the activity toward DPNH substrate that it exhibited 
toward hypoxanthine substrate, and it was about 3 per cent as 
active toward DPNH as hypoxanthine when both reactions were 
measured by dye reduction (10). However, the crystalline en- 
zyme may contain some “inactive” flavoprotein. The evidence 
favors the concept of a single enzyme with two different active 
sites for hypoxanthine and DPNH, but it is hardly conclusive. 
There are not only two different sites involved in the dehydrogen- 
ation of hypoxanthine and DPNH, but two different groups are 
also responsible for the transfer of electrons to oxygen. It is 
tempting to believe that one of the flavin groups in milk xanthine 
oxidase is associated with purine activation while the other flavin 
is responsible for the oxidation of DPNH, but it should be noted 
that the chicken liver enzyme carries out both oxidations in ap- 
proximately the same way with only one flavin group. 

The purine dehydrogenase activity of all three xanthine en- 
zymes was blocked by cyanide, 6-pteridylaldehyde, and hydroxyl- 
amine, and there could be no reduction of any of the electron 
acceptors. The other inhibitors were less consistent in their 
action. With the rat liver enzyme, both the chalcone and semi- 
carbazide blocked all activities excepting the dehydrogenation 
of the substrate. With the milk enzyme, semicarbazide ap- 
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proached the category of a specific inhibitor of the oxidase group, 
since it had no effect on dye or cytochrome c reduction and gave 
only partial inhibition of nitrate reduction. 

The reduction of nitrate is thought to be a function of the 
molybdenum in the xanthine enzymes as well as in nitrate reduc- 
tase (11). However, the stimulation of this reaction by the 
addition of 8-hydroxyquinoline or ferrous ions to milk xanthine 
oxidase and the inhibition of this reaction by semicarbazide may 
also implicate the enzymatic iron in this reaction. Wainwright 
(12) has described a nitrate reductase system from a coliform 
organism which requires menadione and ferrous ions as cofactors. 
Westerfeld et al. (13) found that the reduction of organic nitro 
groups by Aspergillus niger was independent of molybdenum, 
inhibited by iron chelators, and stimulated by ferrous ions. 


SUMMARY 


1. The oxidation of hypoxanthine by xanthine oxidase was 
independent of the oxidation of reduced diphosphopyridine 
nucleotide. Hydroxylamine, 6-pteridylaldehyde, and cyanide 
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blocked the purine dehydrogenase group of milk xanthine oxidase 
and chicken liver xanthine dehydrogenase, but had little or no 
effect on the oxidation of reduced diphosphopyridine nucleotide 
substrate with any electron acceptor. Semicarbazide blocked 
the reaction with oxygen, when hypoxanthine was the substrate 
for the milk enzyme, but it had no effect on this reaction with 
reduced diphosphopyridine nucleotide as substrate. 

2. 3,3’,4,4’-Tetrahydroxychalcone and semicarbazide inhib- 
ited the reduction of oxygen, cytochrome c, and nitrate by rat 
liver xanthine oxidase with hypoxanthine, but had no effect on 
the dehydrogenation of the substrate and the reduction of meth- 
vlene blue. With the milk enzyme, semicarbazide was a rela- 
tively specific inhibitor of the reaction with oxygen. 

3. While the reduction of sodium molybdate by chicken liver 
xanthine dehydrogenase indirectly supports the catalytic func- 
tion of Mo in nitrate reduction, a possible role of iron in this 
reaction was also indicated by the stimulation produced by 8- 
hydroxyquinoline, ferrous ions, or both together. 
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This study is concerned with the presence in rat uterus of a 
reduced pyridine nucleotide oxidase which is activated by certain 
phenols. Bever et al. (1) demonstrated increased DPN H oxidase 
in uterine homogenates from spayed rats treated with estrogen. 
The enzyme studied by these investigators was measured in the 
presence of cyanide. This report deals with a DPNH oxidase 
system which is inhibited by cyanide and which is effective in a 
different pH range than that studied by Bever. 


EXPERIMENTAL 


Sprague-Dawley female rats, 150 to 200 gm. in weight were 
employed. Where indicated, they were oophorectomized under 
ether anesthesia. Uterine homogenates were prepared by minc- 
ing and then homogenizing in 0.25 M sucrose with a Potter ho- 
mogenizer for 1 minute. The homogenate was filtered through 
nylon gauze before use. 

Phenol, 2,4-dichlorophenol, and 2,4,6-trichlorophenol were 
reagent grade chemicals recrystallized from petroleum ether and 
aqueous ethanol. 2,4-Dichlorophenetole was purified by solu- 
tion in toluene, extraction with 1 N NaOH, and evaporation of 
the water-washed toluene layer. p-Benzoquinone was purified 
by sublimation shortly before use. o-Benzoquinone was pre- 
pared shortly before use (2). Crystalline catalase was obtained 
from Worthington. Protein and DNA in homogenates were 
determined by the methods of Lowry (3) and Schneider (4). 

Uterine peroxidase was assayed against the leuco form of so- 
dium 2,6-dichlorobenzenoneindo-3’-chlorophenol by the method 
of Lucas et al. (5). DPN and DPNH were estimated by the 
use of aleohol dehydrogenase (6). 


RESULTS 


Spectrophotometric System—Fig. 1 shows that a system con- 
sisting of uterine homogenate, MnCl:, phosphate buffer pH 7.0, 
DPNH, and dichlorophenol exhibits prompt conversion of 
DPNHto DPN. Omission of the enzyme or the phenol resulted 
in complete cessation of DPNH conversion. The phenol-acti- 
vated reduced pyridine nucleotide oxidase system will, for 
brevity, be referred to simply as the “oxidase” in the rest of this 
paper. TPNH was oxidized at approximately the same rate in 
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the presence of dichlorophenol. Fig. 2 shows that oxygen is 
necessary for the reaction. 

Catalytic Effect of Dichlorophenol—In order to demonstrate the 
catalytic effect of dichlorophenol on DPN formation, it was 
helpful to add nicotinamide to the system to retard DPNase 
action. The incubation mixture consisted of 0.06 Mm _ tris(hy- 
droxymethyl)aminomethane buffer, pH 7.0, MnCl, 3 x 10-5 mM, 
6.8 ymoles of DPNH, and 1.0 ml. of 5 per cent uterine homoge- 
nate in a total volume of 5.0 ml. Dichlorophenol and nicotina- 
mide were added to vessels as indicated. Incubation was for 1 
hour at 26° in air. The reaction mixtures were then enzymati- 
cally assayed for DPNH and DPN. Table I indicates that 
under these conditions the extra consumption of DPNH due to 
the dichlorophenol was approximately 50 times the amount of 
phenol present. In the presence of nicotinamide the destruc- 
tion of the DPN formed was only partly prevented. Higher 
concentrations of nicotinamide were avoided because of partial 
inhibition of the phenol effect. In contradistinction to the spee- 
trophotometric results, DPNH was consumed in the absence of 
phenol. This may be due to the large amount of enzyme used. 
However, the DPN production clearly shows the phneol effect. 

Optimal Conditions—Fig. 3 illustrates that the optimal pH for 
the phenol-catalyzed DPNH oxidase reaction was 5.6. How- 
ever, most observations were carried out at pH 7.0 to avoid acid 
destruction of DPNH. Fig. 3 does not show points below pH 
5.6 because of this acid-catalyzed destruction. Fig. 4 demon- 
strates that oxidase activity is trebled by 3 K 10-5 mM Mnt+ and 
was inhibited completely by 10-? m Mn**. Fig. 5 shows the 
effect of dichlorophenol concentration on the rate of DPNH 
oxidation. Under the conditions of the spectrophotometric as- 
say there is no reaction in the absence of added phenol. The 
half-maximal rate of DPNH oxidation was achieved by 2 x 
m dichlorophenol. 

Thermal Stabitity—All oxidase activity was lost by heating at 
100° for 5 minutes. Lyophilized homogenates retained apprecia- 
ble activity for approximately 1 week at —20°. Homogenates 
stored at —20° lost about 50 per cent of their activity in 24 
hours. | 

Metal Requirement—Substitution of the Mn++ with Mg**, 
Zn**+, Nit*, Co**, Fe***, and Fe** at a level of 1.5 10-4 m 
gave reaction rates equal to those of the control without added 
metal. Addition of KCl to a concentration of 0.2 m did not 
affect the rate of mixtures without other added metal. At 
present no metal tried can replace Mn*+ 
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Fic. 1. The effect of 2,4-dichlorophenol on oxidation of DPNH. 
At A, 0.60 umole of dichlorophenol was added to a system consist- 
ing of phosphate buffer, pH 7.0, 0.016 m; DPNH, 6 X 10-5 m; 
MnCl:, 5 X 10-* m, 0.10 ml. of 5 per cent uterine homogenate in a 
total volume of 3.0m]. The ordinate represents uymoles of DPNH 
in the cuvette calculated from the absorption at 340 my (controls 
without homogenate or dichlorophenol showed no reaction). At 
B,0.17 umole of DPNH was added. At C, 0.30 ml. of 20 per cent 
ethanol and 0.10 ml. of 1 m tris(hydroxymethy]l)aminomethane 
buffer, pH 9.0, were added. The effect of the addition of 15 ug. 
of alcohol dehydrogenase added at that point showed the accumu- 
lation of DPN. 
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Fic. 2. Oxygen requirement of the phenol-stimulated oxidase. 
A reaction mixture consisting of 0.9 umole of dichlorophenol, 0.05 
umole of MnCle, 0.3 umole of DPNH, and 2.9 ml. of 0.02 m phos- 
phate, pH 7.0, was placed in the main vessel of a Thunberg tube. 
Into the side vessel was placed 0.1 ml. of 5 per cent uterine homog- 
enate. The Thunberg tube was evacuated and flushed several 
times with nitrogen. The contents of the tube were carefully 
transferred after mixing to a cuvette continuously flushed with 
nitrogen. The ordinate shows the optical density at 340 maz. 
After 5 minutes oxygen was bubbled through the mixture and 
prompt oxidation of the DPNH ensued. 


Manometric Studies—The oxygen consumption during DPNH 
oxidation was studied by conventional manometric technique. 
The incubation system consisted of pH 7.0 phosphate buffer, 
0.015 m; dichlorophenol, 1.5 10-4 mM; MnCh, 5 10-5 M; 
0.6 ml. of 10 per cent uterine homogenate; DPNH in the side 
vessel as indicated, all in a total volume of 3.0 ml., and 0.2 ml. 
of 10 per cent KOH was present in the center cup. The tempera- 
ture was 28° and after equilibration in air, the DPNH was tipped 
in. The reaction was practically complete in 30 minutes but 
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TaBLeE 
Catalytic effect of dichlorophenol on DPNH oxidation 
Nicotinamide when present was 0.002 mM. 0.05 umole of dichlo- 
rophenol was added to the appropriate vessels. 


DPNH | DPN 
‘consumed formed 


pmoles | pmoles 
Incubation mixture described in text + dichloro- 


phenol + nicotinamide....................... 6.8 | 4.6 
Incubation mixture described in text + dichloro- 

Incubation mixture described in text + nicotin- | 

Incubation mixture described in text............ 3.2 | 0.2 


yu/MIN 


“030: 
40 50 60 70 BO 
PH 


Fig. 3. Effect of pH on the phenol-stimulated oxidase. Inecu- 
bation conditions were identical with those of Fig. 1 except that 
the pH of the phosphate buffer was varied as indicated and the 
initial concentration of DPNH was7 X 10-5 m. The illustrated 
rate was determined for the linear portion of a time curve. 
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Fic. 4. Effect of Mn** on the phenol-stimulated oxidase. 
Incubation conditions were identical with those of Fig. 1 except 
that the concentration of MnCl. was varied as indicated and the 
initial concentration of DPNH was 7 X 1075 m. 


was allowed to go for 1 hour. The vessels were then analyzed 
for DPN spectrophotometrically with alcohol dehydrogenase. 
Table II shows that in the absence of either enzyme or dichloro- 
phenol, no oxygen consumption or DPN formation occurred. 
The reaction appears to require 4 umole of O» for each umole of 
DPNH oxidized. 


XUM 


| 
| 
} 
Oli | 
| 
| 
( 
| 
I 
\ 
| 
t} 
| 
sh 
al 
tic 
Vi 
of 
m 
dis 
res 
he 
pe 
to 
| fra 
ria 
ens 
tan 
su] 
Bac 
The 


July 1959 


O 

O 

O 

4 8 16 


M x lO? DICH-OROPHENOL 


Fic. 5. Effect of dichlorophenol on the phenol-stimulated 
oxidase. Incubation conditions were identical with those of Fig. 
1 except that the concentration of dichlorophenol was varied as 
indicated and the initial concentration of DPNH was7 X 10-* m. 


II 
Oxygen consumption studies 

DPNH | O:con- DPN 

added | sumed _— formed 
umoles | pmoles | pmoles 
Complete system — DPNH............ 6.0 0 0 
Complete system — dichlorophenol .... 6.0 0 0 
Complete system — enzyme.....__..... 6.0 0 0 
Complete system....................... 2.0 1.08 1.5 
Complete system....................... 4.0 1.36 3.0 
Complete system....................... 6.0 1.88 4.5 


Effect of Hydrogen Peroxide—Experiments to study the effect 
of hydrogen peroxide addition to the oxidase system gave erratic 
results. Many homogenates showed definite stimulation of 
DPNH oxidation upon addition of as little as 0.001 umole of 
H.O, to the incubation mixture. This was not reproducible and 
very frequently no peroxide effect was observed. Increase of 
peroxide concentration to 1 x 10-* m resulted in inhibition of 
the oxidase. 

Some uterine homogenates provide enzyme which showed an 
induction period in the standard incubation system. Fig. 6 
shows that the most constant finding on addition of a catalytic 
amount of hydrogen peroxide was the obliteration of the induc- 
tion period. 

Dialysis of the crude homogenate for 4 hours at 2° resulted in 
variable loss of activity. Fig. 7 shows the result of the addition 
of a catalytic amount of hydrogen peroxide to the incubation 
mixture when the enzyme had been completely inactivated by 
dialysis. Slow oxidation of DPNH immediately ensued. The 
reaction resulted in the oxidation of far more DPNH than could 
be accounted for on the basis of stoichiometric reaction with 
peroxide. Omission of Mn** or dichlorophenol from the system 
to which peroxide had been added prevented reaction. 

Particle Fractionation—A 5 per cent uterine homogenate was 
fractionated at 2° by centrifugation in 0.25 m sucrose into mate- 
rial sedimented at 500, 5,000 and 100,000 x g. Crude homog- 
enate was centrifuged at 500 x g for 10 minutes. The superna- 
tunt was then centrifuged at 5,000 x g for 10 minutes and the 
supernatant obtained centrifuged at 100,000 x g for 1 hour. 
Each particulate fraction was resuspended and recentrifuged. 
The supernatant from the 100,000 x g centrifugation was also 
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assayed. Because of difficulty experienced in homogenizing 
rat uterus, no effort has been made to refer to the fractions in 
terms of morphological constituents. Table III shows that the 
activity resided entirely in the particulate fractions. 

Effect of Estrogen on Enzyme Level—Fifteen spayed Sprague- 
Dawley rats were maintained for 3 weeks after operation after 
which 5 animals were given 0.2 mg. of estradiol-178 intramuscu- 
larly in oil. Seventy-two hours later the animals were sacrificed. 
The 5 control uterine homogenates were made by pooling 2 
uteri of uninjected animals. Homogenates of uterus (5 per cent), 
liver (10 per cent), kidney (10 per cent) and adrenal (2.5 per cent) 
were prepared in 0.25 m sucrose. Table IV shows that uterine 
homogenates from the spayed animals had no detectable level 
of oxidase. An increase in the enzyme level in the uterus after 
the massive dose of estradiol was apparent. The mean level 
for 12 homogenates representing 36 uteri of intact rats was 


0100; 


i 2 3 4 
TIME (MIN) 


Fic. 6. The effect of H:O. on the induction period found in 
some homogenates. Incubation conditions were identical with 
Fig. 1. @——®@ indicates the absence of H:02. and @------@ 
indicates the presence of 0.002 umole of H:O2. 
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Fic. 7. The effect of H:O2 on an homogenate inactivated by 
dialysis. Incubation conditions identical with Fig. 1. @-------@ 
indicates absence of H.O: and @——-@ indicates the presence of 
0.001 umole of H:02. 
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TABLE III 
Particle fractionation of phenol-activated oxidase 


_ The assays were performed by the procedure outlined in the 
legend to Fig. 1. Aliquots of the fractions were selected in the 
range of a linear relationship between concentration and activity. 


Fraction Protein Volume 
mg./ml mil. 
Crude homogenate............... 4.2 20 0.40 
500 X g sediment................ 2.4 20 0.13 
5,000 X g sediment............... 0.29 20 2.2 
100,000 K g sediment............. 0.28 20 2.6 
().88 | 20 0.0 
TaBLe IV 


Effect of estradiol on activity of uterus of spayed rats 
The assay was performed under the conditions illustrated in 
Fig. 1. The control uterine weight lists the mean weight of two 
uteri. The rate of reaction was estimated during the linear rate 
occurring before the elapse of 7 minutes. Several controls ex- 
hibited very slow oxidase activity starting in a variable latent 
period always exceeding 7 minutes. 


| 
Homogenate on | min. ing. DNA | Protein 
| omg./ml. mg./ml. 
Control....... 
Serpe 107 0.0 | 0.12 2.5 
140 | 0.0 =| 
Estradiol. ......... 392 | 0.042 | 0.58 0.10 2.5 
......... 276 (0.082 
SS 278 | 0.030 | | 
......... 262 | 0.048 0.94 


0.022 + 0.0023 s.e.m. expressed as AE 349 per min. per mg. wet 
tissue in the 3 ml. of assay system. The range was 0.01 to 0.035. 

The uterine homogenates of spayed animals were roughly 
equivalent with respect to DNA and protein content so that the 
increase in homogenate activity after treatment could not be 
explained by inereased cellularity of the treated tissue. In the 
same spectrophotometric assay, homogenates of liver, kidney, 
and adrenal from treated and and control animals showed slight 
DPNH oxidation which was not increased by the addition of 
dichlorophenol. The effect of smaller doses of estrogen on 
spayed rats and the relationship of the enzyme level to the estrus 
cycle is under study. 

Inhibition Studies—Table V shows that the oxidase is strik- 
ingly inhibited by cyanide, azide, Cu**, and catalase. Some 
data are included for comparison with uterine peroxidase. 

Activity of Substances Replacing Dichlorophenol—Table VI 
shows various substances which enhanced DPNH oxidation when 
added to the spectrophotometric system instead of dichloro- 
phenol. The activity of trichlorophenol was thought to be of 
special interest since the structure precludes formation of a 
quinone-hydroquinone electron transport system. Fig. 8, com- 
pares the activity of trichlorophenol with dichlorophenol and 
phenol. Contamination of trichlorophenol with dichlorophenol 
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was thought to be unlikely on the basis of analysis for C, H, and 
Cl and a quantitative test for phenols capable of coupling with 
diazonium salts by the method of Lieberman and Tagnon (7). 
Both these analytical procedures afforded a maximal content of 
4 per cent dichlorophenol in the purified trichlorophenol. This 
degree of contamination would not explain the observed activity 
of trichlorophenol. 

The following substances failed to replace dichlorophenol in 
the spectrophotometric system: dihydroxyfumarate, 1 X 10-4 M; 
estradiol-178, 1.5 M; p-nitrophenol, xX 10-* M; p- 
iodoaniline, | mM; orcinol, 1 10-3 mM; @-naphthol, 1 x 


TABLE V 
Inhibition of phenol-stimulated DPNH oxidase 


The assay for the phenol-stimulated oxidase was conducted in 
the system described in Fig. 1 in the presence and absence of in- 
hibitor. 


Inhibition 
Inhibitor 
Sodium cyanide, 1 w.................. 73 
o-Phenanthroline, 1 K 10-4 m................. 35 51 
Diethyldithiocarbamate, 1 K 100 
Diethyldithiocarbamate, 1 K 0 
Sodium pyrophosphate, 1 0 


TaBLe VI 
Substances which enhance activity of uterine oxidase 
The assay was conducted in the system described for Fig. 1, 
except that the DPNH was increased to 0.3 ymole. The enzyme 
contained 0.2 mg. of protein. The oxidation rate in the absence 
of phenol was negligible. All rates are for a level of 2 K 10 4M 
for added factor. 


Substance Aswo/min. 
0.089 
p-Chlorophenol................ 0.073 
o-Chlorophenol............ 0.077 
2,5-Dichlorophenol...._. 0.034 
2,4-Dibromophenol...... 0.070 


0.014 


p-Benzoquinone......... | 0 .045* 
o-Benzoquinone ........ | 0.029* 
Hydroquinone.............. 0.032 
2,4,6-Trichlorophenol...... 0.042 
Menadione sodium bisulfite....._ 0.013* 


* Corrected for nonenzymatic rate. 
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OD. 340 my/MIN 


CONC. PHENOLS X IO"M 

Fic. 8. Comparison of trichlorophenol with dichlorophenol and 
phenol. Incubation conditions were identical with Fig. 1 except 
that the concentration of phenol was varied as _ indicated. 
O——O, phenol; A——A, trichlorophenol; X——X, dichloro- 
phenol. The ordinate shows the rate as the change in optical 
density per minute at 340 mu. The abcissa shows the concentra- 
tion of phenol. 


TaB_e VII 
Effect of storage at —20° on uterine perozidase 
and phenol-stimulated oxidase 
The oxidase activity refers to the phenol-stimulated system 
assaved as in the legend of Fig. 1. 


O.D./min./mg. protein 
Enzyme 
Initial 24 hr. 48 hr. 7 days 

Oxidase, 5,000 g sediment. 2.2 1.3 0.3 
Uterine peroxidase, 5,000 XK 4g 

Oxidase, 100,000 sediment... 2.6 1.0 0.6 
Uterine peroxidase, 100,000 X 


10-3 mM; Versene (ethylenediamine tetraacetate), 6 10°° M; 
ascorbic acid, 2 10-4 Mm; catechol, 7 10-4 M; pyrogallol, 2 x 
10-4 m; 2,4-dichloroaniline, 3 X 10-4 mM; 2,4-dichlorophenetole, 
3 10-4 mM; tocopherol, 4 10-4 M; stilbestrol, 7 10-4 
and 2,4-dichloroanisole, 3 10-4 Mm. Each compound is listed 
at the highest concentration tested. Tocopherol was assayed 
as an homogenate in | per cent albumin. When other insoluble 
substances were assaved they were homogenized in water. 

Comparison of Stability with Uterine Peroxidase and Oxidase— 
The sediment obtained upon centrifuging crude uterine homog- 
enate between 500  g and 5,000 X g was washed by resedimen- 
tation in 0.25 m sucrose and stored in the frozen state at —20°. 
A similar preparation of the sediment obtained between 5,000 X 
g and 100,000 * g was studied. Table VII shows the change on 
storage in specific activity of these two enzyme systems, both of 
which are strikingly increased in rat uterus by the administration 
of estradiol to castrate rats. It is evident that oxidase activity 
is lost more rapidly than peroxidase activity. 

Other Electron Acceptors—In an anaerobic spectrophotometric 
system consisting of enzyme, DPNH, dichlorophenol, and cyto- 
chrome ec, no reduction of the latter could be detected. Addi- 
tion of cytochrome c or phenazine methosulfate to a manometric 
system in the presence of air resulted in increased oxygen con- 
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sumption and disappearance of the catalytic effect of dichloro- 
phenol. 


DISCUSSION 


Oxidase activity is very low if present at all in the uteri of 
oophorectomized rats although it represents an active system in 
the uteri of intact rats or oophorectomized rats treated with 
estradiol-178. The system has not been found in several other 
tissues regardless of estrogen administration. Unfortunately 
all attempts to replace dichlorophenol by estradiol or stilbestrol 
in vitro have failed. 

Another explanation for these observations is the auto-oxida- 
tion of the phenol to the corresponding quinone. The quinone 
could then effect the oxidation of reduced nucleotide by means 
of quinone reductase (9). The presence of quinone reductase in 
the uterine homogenate was demonstrated by the reduction of 
o-benzoquinone, p-benzoquinone, and menadione sodium bisulfite 
by DPNH. However, it is unlikely that the mechanism for 
phenol stimulation will prove to be quinone formation. The 
quinone reductase activity is small and the polyphenols tested 
were either weakly active or without effect. Phenol shows 
definite activity while hydroquinone is less active and catechol 
inactive. Furthermore, trichlorophenol, a compound incapable 
of quinone formation shows definite activity. Efforts to quanti- 
tate contamination of this substance with dichlorophenol, the 
most active phenol studied, suggest that such contamination if 
present is less than 4 per cent, which would not explain the ob- 
served activity illustrated in Fig. 8. Unless trichlorophenol 
is enzymatically dehalogenated a quinone mechanism can be 
eliminated. 

Lucas et al. (5, 8) have demonstrated a peroxidase in rat 
uterus, the activity of which is increased by the administration 
of estrogen. Under certain circumstances, peroxidases may 
acquire oxidase activity. Thus dihydroxyfumarate, a peroxidase 
substrate, will be oxidized by horseradish peroxidase without an 
external source of peroxide in the presence of Mn** (10). Horse- 
radish peroxidase is capable of aerobic hydroxylation of aromatic 
compounds in the presence of dihydroxyfumarate (11). Horse- 
radish peroxidase will effect the aerobic oxidation of dicarboxylic 
acids (12) and indoleacetic acid (13) in the presence of certain 
phenols and Mn**. Akazawa and Conn (14) demonstrated 
that horseradish peroxidase will catalyze the aerobic oxidation 
of reduced nucleotides in the presence of Mn** and certain 
phenols, notably dichlorophenol. 

The behavior of the oxidase and the action of horseradish 
peroxidase on reduced nucleotides have many features in com- 
mon. Both processes are stimulated by Mn** to the exclusion 
of a variety of cations. Both require a phenol as cofactor, are 
inhibited by eyvanide, Cu**, catalase, and o-phenanthroline. 
Both processes can be stimulated by the addition of small 
quantities of H.O.. However, resorcinol is barely active in the 
oxidase system while it is quite active in the horseradish system. 
On the other hand, phenol was a far more effective cofactor in 
the oxidase system than with horseradish. Azide at 1.7 « 10-4 
M failed to inhibit the horseradish system while 1 x 10-8 mM 
produced an 80 per cent inhibition of oxidase and only a 30 per 
cent inhibition of uterine peroxidase. 

The inhibition of oxidase by catalase and the stimulation by 
small quantities of H.O. suggests that peroxide is an intermediate 
in nucleotide oxidation. The observation that homogenates 
which show an induction period for oxidase undergo prompt 
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reaction upon addition of H,O, further suggests that peroxide 
production may be rate limiting. The greater lability of the 
oxidase system than that of uterine peroxidase may be due to the 
coupling of a particularly labile generating system with the more 
stable uterine peroxidase. The reactivation by peroxide of 
reduced nucleotide oxidation in homogenates inactivated by 
dialysis is consistent with this hypothesis. 

The superiority of dichlorophenol in the oxidase system may 
be due in part to the capacity of this phenol to inhibit catalase 
(15) and thus prevent the destruction of the peroxide produced 
by the generating system. 

The failure of citrate or pyrophosphate to inhibit appears to be 
inconsistent with a mechanism involving reversible oxidation of 
Mn*+* to Mnt+*+. Such oxidation of Mn++ was demonstrated 
by Kenten and Mann (16) in horseradish preparations. Pyro- 
phosphate and citrate form stable complexes with Mn*+++ and 
inhibit the aerobic oxidation of indoleacetic acid presumably by 
this mechanism (17). 

The high levels of oxidase in the uteri of intact untreated rats 
suggests that the system may be of physiological importance 
rather than the result of the pharmacological doses of estrogen 
administered to the rats used in this study in order to achieve 
maximal levels of activity. Further studies on the oxidase 
system in the normal rat uterus and other tissues are in progress. 


SUMMARY 


2,4-Dichlorophenol and other phenols catalyze the aerobic 
oxidation of reduced pyridine nucleotides to the oxidized form 
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by homogenates of rat uterus. Mn** increases the rate of 
oxidation. One atom of oxygen is utilized for the oxidation of 
a mole of reduced diphosphopyridine nucleotide (DPNH). 
Small amounts of hydrogen peroxide accelerate the reaction but 
larger amounts inhibit. Addition of catalytic amounts of 
hydrogen peroxide will reactivate the phenol-activated oxidase 
in homogenates inactivated by dialysis. The enzymatic activity 
is confined to the particulate fraction. Particulate fractions 
containing both phenol-activated DPNH oxidase and uterine 
peroxidase lose the former activity more rapidly than the latter 
during storage at —20°. 

Homogenates prepared from the uteri of spayed rats have no 
detectable levels of phenol-activated oxidase under the conditions 
employed. Spayed animals treated with estradiol-178 showed 
high levels of phenol-activated DPNH oxidase. 


Addendum—Studies done with Dr. Stanley Temple in this 
laboratory have shown that uterine homogenates from estrogen- 
stimulated rats show phenol-stimulated oxidase activity in the 
presence of catalytic amounts of estradiol in vitro and stilbestrol 
when the reaction described in the text is carried out at pH 7.6. 
The reason for the discrepancy between the pH activity curve 
for dichlorophenol and phenolic estrogens is not clear. The 
activation of uterine phenol-stimulated oxidase by estrogens will 
be reported upon in detail in the near future. These observa- 
tions are strikingly similar to the effects in vitro of phenolic 
estrogens on lactoperoxidase and horseradish peroxidase recently 
reported by Williams-Ashman, et al. (18). 
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Recently we reported that freeze-drying or centrifugation re- 
activated preparations of reduced diphosphopyridine nucleotide 
oxidase or reduced diphosphopyridine nucleotide-cytochrome c 
reductase which had been previously inactivated by extraction 
with isooctane (1). Homogenization of the enzyme preparations 
with small quantities of isooctane also inhibited these enzyme 
systems. The inhibited preparations were reactivated by vita- 
min K or vitamin E or by centrifugation. Because of these 
results we suggested that inactivation of certain enzyme prepara- 
tions by extraction with solvents was not due primarily to the re- 
moval of lipide cofactors alone, but rather that the solvent itself 
was acting as an inhibitory or toxic agent. The mechanism of 
the reversal of the inhibitory effects of isooctane by certain lip- 
ides, freeze-drying, or centrifugation was postulated to be the 
same, namely, displacement or removal of sufficient amounts of 
solvent to restore enzyme activity. 

The effects of isooctane and hexane on enzyme systems have 
been investigated further in an attempt to obtain more informa- 
tion on their inhibitory action. 


EXPERIMENTAL 


I:nzyme preparations, assays, materials, and other methods 
not listed below have been previously described (2). The beef 
heart enzyme preparation used in these experiments was pre- 
vared as follows. Beef heart muscle was homogenized with 10 
times its weight of 0.1 m phosphate buffer, pH 7.5, in an all-glass 
‘TenBroeck homogenizer. The homogenate was centrifuged at 
10,000 x g for 15 minutes, and the supernatant solution was dia- 
lvzed for 1 hour against 10 volumes of 0.01 m phosphate buffer. 
The dialyzed solution was centrifuged at 3000 x g for 15 minutes 
and the precipitate discarded. The resulting solution was cen- 
trifuged for 45 minutes at 25,000 x g. The pellet was resus- 
pended in 0.1 the original volume of 0.1 m phosphate buffer. 
Generally, in experiments on the reversal of the inhibition by 
centrifugation, the enzyme preparations were centrifuged for 10 
minutes at 10,000 « g at 4° immediately before use and the su- 
pernatant was used. This preparation was similar to that desig- 
nated as Fraction III by Lehman and Nason (3) and modified 
by Donaldson et al. (4). Isooctane offered for spectrophotomet- 
ric use was obtained from two different commercial sources: hex- 
ane was redistilled before use. Enzyme solutions or cytochrome 
c was homogenized with solvent by gently grinding the materials 


* The data in this paper are taken from a dissertation to be 
presented by Clifford J. Pollard to the faculty of the Graduate 
School of Georgetown University in partial fulfillment of the re- 
quirements for the degree of Doctor of Philosophy. 


by hand in a close-fitting, all-glass TenBroeck homogenizer at 
3-4°. In a typical experiment 6 ml. of Fraction III, properly 
diluted with 0.1 a phosphate buffer, pH 7.5, were homogenized 
with 120 wl. of isooctane by alternate insertion and withdrawal 
of the pestle 10 to 20 times. Homogenization of 10 ml. of cyto- 
chrome c in 0.1 mM phosphate buffer, pH 7.5, (enough for four as- 
says) with 60 ul. of isooctane was also carried out in this manner. 
In attempts to reverse the inhibition produced by solvents, ali- 
quots of the untreated and solvent-treated solutions were centri- 
fuged at approximately 10,000 x g for 5 minutes in a Servall 
angle centrifuge. The clear supernatant of untreated solutions 
and the relatively clear solution beneath the oily layer of treated 
preparations were assayed for enzymatic activity. Liver mito- 
chondria were prepared by the method of Schneider (5). 


RESULTS 


Several previous efforts to ascertain whether certain lipides 
play a role as cofactors in the respiratory chain (6, 7) involved 
the use of isooctane for extracting enzyme solutions. Tocopherol 
was implicated as a cofactor for cytochrome c reductase as a re- 
sult of these studies. We had shown that DPNH-cytochrome c 
reductase inhibited by extracting or homogenizing with isooctane 
could be reactivated by centrifugation, without the use of tocoph- 
erol (1). The possibility existed that homogenization of enzyme 
preparations with isooctane temporarily disrupted the tocoph- 
erol-enzyme bond by solvation and that after removal of the iso- 
octane by centrifugation the tocopherol-enzyme bond could be 
reformed. If solvation of the tocopherol into the isooctane oc- 
curred, it seemed reasonable to assume that extraction of the en- 
zyme preparation with more isooctane would remove the dis- 
solved tocopherol so that the enzyme could not be reactivated by 
centrifugation. 

This hypothesis was tested by the following experiment with 
the supernatant of a 10 per cent homogenate of rat heart muscle 
which had been centrifuged at 10,000 x g for 10 minutes. The 
control DPNH-cytochrome c¢ reductase activity was 164; after 
homogenization of 10 ml. of enzyme solution with 180 ul. of iso- 
octane, the activity dropped to 85. This treated preparation 
was then extracted three times with an equal volume of isooctane 
and the activity dropped to 53. Addition to tocopherol to an 
aliquot raised the activity to 126. Centrifugation of another ali- 
quot of the extracted solution at 10,000 x g for 10 minutes 
yielded a clear supernatant that showed activity of 140; recentrif- 
ugation for 10 more minutes raised the activity to 168. Upon 
the addition of tocopherol the activity became 154. This study 
indicated that the inhibition produced by isooctane treatment 
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TABLE I 


Effect of isooctane treatment and subsequent centrifugation on 
DPNH-cytochrome c reductase activity of 
beef-heart Fraction III 


Beef-heart Fraction III (6 to 12 ml.) was homogenized with 
0.12 to 0.24 ml. of solvent. Aliquots (40 to 80 ul.) of isooctane- 
treated and untreated (control) solutions were assayed for DPNH- 
cytochrome c reductase activity. Both solutions were then cen- 
trifuged at 10,000 X g for 5 minutes and reassayed. 


Activity* before | Activity® after 
centrifugation centrifugation 
Preparation 
Control | | Control 
Part A, fresh | 
128 60 | 117 127 
Part B, 1-day-old | 
144 | 15 | 99 49 
101 40 | 104 69 
101 Ist 65 


* Change in absorbancy X 10° at 550 my per 2 minutes. 
+ Motor-driver homogenizer used. 


of the enzyme preparation was not due to the removal of a lipide 
cofactor. 

In most of the subsequent experiments the inhibition of en- 
zymes was produced by homogenizing the solutions with the sol- 
vents rather than by extracting. The homogenization technique 
afforded greater control of the amount of solvent left in solution 


and gave more reproducible results than the extraction technique. | 


Experiments such as that above indicated that the same kind of 
inhibition was produced by both procedures. 

Effect of Isooctane on DPNH-Cytochrome c Reductase Activity 
of Freshly Prepared and 1-Day-Old Beef Heart Fraction III—Ta- 
ble I (Part A) shows that DPNH-cytochrome c¢ reductase activity 
of freshly prepared solutions of beef heart Fraction ITI was signifi- 
cantly diminished by homogenizing with small quantities of iso- 
octane. In most instances the inhibition was completely re- 
versed by centrifugation. Part B of the table shows that an 
inhibition could be effected by homogenizing 1-day-old prepara- 
tions with isooctane, but only partial restoration could be effected 
by centrifugation. 

One experiment of Nason and Lehman (7) demonstrated that 
extraction with hexane lowered DPNH-cytochrome ¢ reductase 
activity appreciably. The addition of tocopherol, however, re- 
stored activity significantly but not fully. Repeated experi- 
ments in our laboratory with hexane extraction gave results quite 
similar to those employing isooctane as regards inactivation by 
the solvent and reactivation by tocopherol and other lipides ex- 
cept that inhibition attributable to hexane was more easily re- 
versed. 

Table II shows results of experiments on the inactivation of 
DPNH-cytochrome c reductase of 1- to 3-day-old beef heart 
Fraction III by homogenization with isooctane or hexane. The 
experiments with isooctane supplement those of Table I, Part 
B; i.e. in the older preparations the activity is incompletely re- 
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stored by centrifugation. It is seen that the experiments with 
hexane closely resemble those with isooctane in Table I, Part A 
(fresh preparations), in that essentially complete restoration of 
activity is effected by centrifugation. 

Chick Heart DPNH Oxidase—The above results with 1-day-old 
preparations of beef heart Fraction III were similar to results ob- 
tained with fresh chick heart DPNH oxidase. Table III gives 
the results of experiments with fresh preparations of chick heart 
DPNH oxidase. Homogenization with isooctane consistently 
lowered the DPNH oxidase activity; this could not be reversed 
by centrifugation. Substitution of hexane for isooctane, how- 
ever, resulted in an inhibition which could be reversed by centrif- 
ugation. Note the similarity of these results to those shown in 
Table IT. 

Experiments with Succinic Oxidase—Because several labora- 
tories (8-12) have reported the loss of succinic oxidase activity 
in enzyme preparations after extraction with isooctane, we have 
examined this effect in a limited number of experiments. One 
difficulty encountered in measuring succinic oxidase activity af- 


TaB_Le II 


Effect of solvent treatment and subsequent centrifugation on 
DPN-cytochrome c reductase activity of 1- to 3-day-old 
beef-heart Fraction III 

Beef-heart Fraction IIL (6 to 12 ml.) was homogenized with 
0.12 to 0.24 ml. of solvent. Aliquots (40 to 80 ul.) of isooctane- 
treated and untreated (control) solutions were assayed for DPNH- 
cytochrome c reductase activity. Both solutions were then 
centrifuged at 10,000 & g for 5 minutes and reassaved. 


| Activity* before centrifugation Activity® after centrifugation 


| 
number 
| Control | Ga | 
1 | 127 31 S&S 101 
2 | 141 | 6 115 113 
3 146 600 | 2 123 54 106 
4 | 128 21 | 47 77 43 123 
*See Table I. 
TaB_e III 


Effect of solvent treatment and subsequent centrifugation on 
chick heart DPNH oxidase activity (fresh preparations) 

Supernatant 10,000 & g of 10 per cent homogenate of chick 
heart muscle in 0.1 Mm PO, buffer. Enzyme preparation (3.0 ml.) 
homogenized with 0.06 ml. of isooctane and assayed for DPNH 
oxidase activity. Untreated preparations served as control. 
Both preparations then centrifuged at 10,000 * g for 5 minutes 
and reassayed for DPNH oxidase activity. 


Activity® after centrifugation 


| Activity* before centrifugation 


Preparation 


number Isooc - 
Control | | "cated! | Control | tame: | 
1 | 50 229 
2 292 43 | 250 295 
3 365 75 115 
4 91 | 240 105 
5 220 65 68 160 64 121 
6 361 103 290 71 250 


* Change in absorbancy X 10° at 340 my per 5 minutes. 
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TaBLs IV 


Effect of isooctane extraction on succinic oxidase activity 
of liver mitochondria 

Mitochondria suspended in 0.25 m sucrose were extracted 2 to 5 
times with equal volumes of isooctane in a glass-stoppered test 
tube. The mixture was centrifuged at approximately 2000 X g 
for 2 minutes at room temperature and as much solvent as possible 
was removed by pipette. An aliquot of the aqueous layer was 
assayed for succinic oxidase activity. The mitochondria were 
washed by reharvesting and resuspending in the original volume 
of cold sucrose three to five times. Control mitochondria were 
taken through the same procedure in the absence of isooctane. 

System: 0.4 to 0.8 ml. of mitochondria, 0.6 ml. of 0.1 Mm PO, 
buffer, 0.1 ml. of succinate (30 uwmoles), water added to make 
total volume of 2.0 ml. KOH in center well; 37°; 20-minute 
equilibration period. 

Activity in terms of ul. of O» per flask per 30 minutes. 


After sucrose washing 
Species Control Extracted 
Control Extracted 
193 51 212 179 
252 S9 303 231 
102 9 102 99 


ter isooctane extraction is the correction for gas evolution (pre- 
sumably residual isooctane). In the experiment reported below 
we attempted to minimize the correction for gas evolution by use 
of a 20-minute equilibration period. A flask containing the iso- 
octane-treated preparation but without added succinate was used 
as a control for the extracted preparations. The gas evolution 
was very small compared to the oxygen uptake of untreated prep- 
arations with added succinate; thus the solvent volatilization 
could not account for an apparent inhibition. Other experiments 
in which the residual gas effect was excessive or in which there 
was no gas evolution and no inhibition of activity are not re- 
ported. 

Out of these experiments emerged the fact that whenever gas 
evolution occurred after isooctane extraction, inhibition of suc- 
cinie oxidase invariably occurred. Furthermore, after extracting 
liver mitochondria with isooctane, an inhibition of succinic oxi- 
dase was obtained which could be reversed by washing the ex- 
tracted mitochondria three to five times with 0.25 m sucrose 
solution. Table IV gives the results obtained with liver mito- 
chondria extracted with isooctane and subsequently washed three 
to five times with sucrose. It is seen from this table that washing 
with sucrose effectively reversed the inhibition produced by iso- 
octane. It is not known what bearing, if any, these experiments 
have on the specific role assigned to coenzyme Q in this system. 
We have been informed by Dr. F. L. Crane! that extracted prepa- 
rations used by his group are washed with sucrose and longer 
periods of extraction at room temperature are employed. 

Inhibition of DPNH-Cytochrome c Reductase by Homogenizing 
or Extracting Cytochrome c Solutions with Isooctane—Earlier ex- 
periments in this laboratory (1) indicated that isooctane inhibited 
enzymatic activity of the respiratory chain by displacing the sub- 
strate. This could be thought of as a blockage of the enzyme by 
a layer of solvent. If this hypothesis were true, then it should 
be possible to produce a similar inhibition if one of the reactants 
could be coated with isooctane. An inhibition of DPNH-cyto- 


1F. L. Crane, personal communication. 
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TABLE V 


Effect of homogenizing or extracting cytochrome c in buffer 
with isooctane on DPNH-cytochrome c reductase 
activity of heart muscle preparations 

Cytochrome c in 10 ml. of phosphate buffer, pH 7.5, was ho- 
mogenized with 60 ul. of isooctane or extracted with equal volume 
of isooctane and DPNH-cytochrome c activity was assayed. An 
untreated solution of cytochrome c in buffer served as control. 
Isooctane-treated solutions were centrifuged at 10,000 X g for 5 
minutes and reassayed. 


Activity* 

Species Isooctane- | !sooctane- 

Control treated + 

vitamin E trifugation 

1727 8 30 70 


* See Table I. 

+ The cytochrome c in buffer used in the assay was extracted 
with an equal volume of isooctane for 4 to 6 minutes and cen- 
trifuged at approximately 2000 * g for 2 minutes, and the aqueous 
laver was used in the assay; control cytochrome c not extracted. 


chrome ¢ reductase was produced by homogenizing or extracting 
the cytochrome c and buffer used in the assay for DPNH-cyto- 
chrome ¢ reductase with isooctane. The results are given in 
Table V. It can be seen that solvent treatment of enzyme prep- 
arations is not a requisite for producing an inhibition of DPNH- 
cytochrome ¢ reductase. Interestingly enough, treatment of one 
of the reactants with isooctane produced essentially the same de- 
gree of inactivation as did treatment of the enzyme with solvent. 
It is also observed that reactivation by centrifugation and by the 
addition of vitamin E appears to be a function of the degree of 
inactivation which, in turn, is probably a function of the amount 
of isooctane present. In other experiments not shown, the com- 
bined actions of centrifugation and tocopherol were ineffective 
in reversing the inhibition produced by extracting cytochrome c 
and buffer with isooctane. It would seem that the extraction 
procedure results in more solvent being bound to the cytochrome 
than does the homogenization technique. 


DISCUSSION 


The present experiments support our previous hypothesis that 
isooctane per se causes an inhibition of enzymes of the respiratory 
chain. Deul et al. (9) had previously made a similar suggestion 
that isooctane inhibited the action of enzymes of the respiratory 
chain, and recently Redfearn and Pumphrey (13) demonstrated 
that the addition of Tween 80 reversed the inhibition of suecinate- 
cytochrome ¢ reductase produced by isooctane, presumably by 
dispersing the solvent. 

The evidence indicates that the inhibition produced by hexane 
is of a similar nature; however, this solvent is more easily removed 
from the enzymes than is isooctane. The mechanism of the in- 
hibition is conceived of as a block between enzyme and sub- 
strate created by the solvent. That is, the enzyme is hindered 
from making contact with its substrate by a film of solvent. It 
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is obvious that some difference exists between the freshly pre- 
pared and 1l-day-old preparations. One possibility is that aged 
preparations form stronger enzyme-solvent combinations than 
do fresh ones; consequently, the isooctane is removed with greater 
difficulty in older preparations. 

In attempting to reactivate preparations by centrifugation not 
only is one dealing with the problem of reversing the inhibition 
by separating the isooctane, but one is also faced with the loss of 
protein by sedimentation. It is well known that old prepara- 
tions of protein solutions are less soluble than fresh preparations; 
this phenomenon was also encountered in these studies. Al- 
though untreated samples were centrifuged as controls, it is not 
known whether isooctane treatment caused additional denatura- 
tion of the enzyme or other protein. 

The experiments reported in Table V in which the cytochrome 
c solutions were homogenized with small quantities of isooctane 
and the activity restored by centrifugation support the theory 
that the inhibition produced by solvent in the system under study 
is one of displacement of the enzyme-substrate complex. Other- 
wise, it would be necessary to postulate the removal of cofactors 
such as tocopherol in the extraction of cytochrome c solutions. 
It is probably fortunate that the reactant in this instance (cyto- 
chrome c) was a protein. Otherwise it is highly probable that 
an inhibition could not have been produced by treatment of the 
substrate with solvent. 

As a result of these experiments we conclude that the first ac- 
tion of solvents on the enzymes in the respiratory chain is a com- 
bination with the proteins which causes a disruption of electron 
transport. Whether or not the solvent may be removed (and, 
therefore, the disruption relieved), appears to depend on the de- 
gree to which the solvent is bound. It is highly probable that 
there will be other isooctane-inactivated preparations which will 
not respond to centrifugation because of an inability to remove 
enough isooctane to permit normal enzyme action. However, it 
is to be expected that other methods of reactivation, e.g. addi- 
tion of lipide substances, may under some conditions reactivate 
when centrifugation will not. 

The results reported here should be viewed in the light of data 
presented from other laboratories where the isooctane extraction 
technique has been employed. Although only preliminary in- 
formation concerning coenzyme Q is available, it is possible to 
say that an inhibition can be produced by isooctane in the suc- 
cinic oxidase system which may not necessarily be a result of 
extracting coenzyme Q since the inhibition responds to other lip- 
ides (8, 9). Earlier experiments with this system (10, 11), in 
which aqueous cytochrome c or coenzyme Q reversed the isooc- 
tane effect, appear to support the hypothesis that isooctane sim- 
ply caused an enzyme-substrate displacement. Presumably by 
flooding the system with aqueous cytochrome c the inhibition is 
removed. By analogy, perhaps the effective combination of lip- 
ide and cytochrome c in reversing the inhibition of DPNH oxi- 
dase activity in isooctane-extracted electron transfer particles 
can be explained in terms of both materials promoting substrate- 
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enzyme interaction. The technique of prolonged extraction with 
isooctane at room temperature, as recently employed by Dr. F. L. 
Crane,! may, however, produce effects different from those de- 
scribed here. 

Much more can be said regarding the relationship of these and 
other experiments to a specific role for tocopherol in activating 
DPNH-cytochrome c reductase and succinate-cytochrome c re- 
ductase. In only one instance has specificity of activation been 
claimed, namely, in the aged digitonin-treated enzyme prepara- 
tions of Donaldson et al. (4). In these preparations the enzyme 
solutions were aged by storing at —15° for 2 to 3 weeks with 
daily thawing. In experiments employing isooctane extraction 
techniques a variety of lipides have been shown to be effective 
(14,15). It has been suggested that lipides other than tocoph- 
erol act in extracted preparations by releasing the vitamin to the 
active site of the enzyme (4). It would appear from other evi- 
dence, however, that tocopherol has no specific role in cytochrome 
c reductases in the intact animal body. This evidence includes 
(a) unaltered DPNH-cytochrome c reductase activity in vitamin 
E-deficient rat liver mitochondria and microsomes (16), (b) the 
inability to find tocopherylquinone (the presumed oxidized form 
of the hypothetical cofactor) in tissues (4, 17), and (c) the unal- 
tered DPNH-cytochrome c reductase activity of vitamin E-de- 
ficient chick hearts in which traces of the vitamin were not de- 
monstrable (4). The observation that both normal and vitamin 
E-deficient chick heart muscle preparations of DPNH-cyto- 
chrome c reductase are inhibited by isooctane and restored by 
tocopherol and the further observation that this effect is probably 
entirely unrelated to the functioning of the enzyme in situ would 
also rule against a specific role of the vitamin in this system. 


SUMMARY 


1. The reduced diphosphopyridine nucleotide (DPN H)-cyto- 
chrome ¢ reductase activity of a freshly prepared beef heart par- 
ticulate fraction was inhibited by extracting or homogenizing 
with isooctane. The inhibition could be reversed by centrifuga- 
tion. Preparations | day old or older were similarly inhibited 
by isooctane but centrifugation was ineffective in restoring ac- 
tivity. Hexane-inhibited preparations of any age were reacti- 
vated by centrifugation. 

2. Freshly prepared particulate preparations of chick heart 
DPNH oxidase were inhibited by treatment with isooctane or 
hexane. Only the hexane-inhibited preparations were signifi- 
cantly reactivated by centrifugation. 

3. The inhibition of liver mitochondrial succinic oxidase pro- 
duced by isooctane extraction was reversed by washing the mito- 
chondria with sucrose solution. 

4. DPNH-cytochrome c¢ reductase activity of heart prepara- 
tions was inhibited by treating the cytochrome c solution with iso- 
octane before its use in the assay. 

5. The possible mechanism of the inhibition by solvents and 
the relationship of this study to other studies employing isooctane 
extraction are discussed. 
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During the course of an investigation of the effect of vitamin 
D on citrate and isocitrate oxidation by kidney homogenates, a 
lag in the rate of oxidation of these substrates was observed (1). 
Pardee and Potter (2) were the first to note such a lag and were 
able to overcome it by addition of various Krebs cycle inter- 
mediates. We now have found that the lag is due to the high 
concentration of inorganic phosphate which can be prevented by 
the substitution of tris(hydroxymethyl)aminomethane buffer for 
most of the phosphate buffer ordinarily used. With this modi- 
fication high rates of citrate oxidation, linear with respect to 
both time and amount of tissue can be obtained. 

Although an inhibition of citrate oxidation by Pj! has not 
been reported previously, Lardy and Wellman (3), Plaut and 
Plaut (4), and Cassi and Lo Bianco (5) have reported an inhibi- 
tion of citrate metabolism induced by additions of ATP to liver 
and heart preparations. 


EXPERIMENTAL 


Young, male Sprague-Dawley rats were used. For experi- 
ments dealing with the effect of vitamin D, 30-day-old rats were 
fed a semisynthetic diet containing glucose monohydrate (cere- 
lose), cottonseed oil (Wesson), steamed egg albumin, vitamins, 
roughage, and salts as described earlier (1). A level of 0.3 per 
cent P and 0.47 per cent Ca in the diet was achieved with the 
addition of an equimolar mixture of Ke-.HPO, and KH.PO, and 
CaCQOs;, respectively, at the expense of the cerelose. One-half 
of the rats received 75 i.u. of vitamin D every 3 days as a solu- 
tion of crystalline calciferol in cottonseed oil (Wesson). In ex- 
periments other than those dealing with vitamin D the rats were 
fed a stock diet. All rats were housed individually in overhang- 
ing screen-bottomed cages and given food and water ad libitum. 
They were killed by decapitation after stunning, and 10 per cent 
homogenates of the chilled tissues were prepared in ice-cold 
isotonic sucrose by means of a Potter-Elvehjem homogenizer 
fitted with a Teflon pestle (A. H. Thomas Company). The 
homogenates were added immediately to the reaction mixtures 
in Warburg vessels kept on cracked ice. The oxidations were 
measured at 37° in a Warburg apparatus after 10 minutes of 
equilibration. The gas phase was air and the center well con- 
tained 0.2 ml. of 10 per cent KOH absorbed on a 2 sq. em. filter 
paper. When desired, an aliquot of homogenate was analyzed 
for N by nesslerization after sulfuric acid digestion (6). The re- 
sults are expressed as either wl. O2 consumed per hour per mg. of 


* Published with the approval of the Director of the Wisconsin 
Agricultural Experiment Station. 

We are indebted to the Wisconsin Alumni Research Foundation 
for funds which supported this research and to Merck, Sharp and 
Dohme for a supply of vitamins. 

1 The abbreviations used are: Tris, tris(hydroxymethyl)amino- 
methane buffer, pH 7.3; Pj, inorganic phosphate, pH 7.3. 


nitrogen [Qo,(N)] or per mg. of dry tissue [(Qo,)]. Dry tissue 
weights were arbitrarily taken as 20 per cent of the fresh tissue 
weights. All results were based on the first 30 minutes of oxi- 
dation unless otherwise indicated. 

The final incubation medium contained 6 uwmoles of ATP, 
(Pabst crystalline disodium salt), 3 wmoles of potassium phos- 
phate, pH 7.3, 40 umoles of Tris buffer, pH 7.3 (Sigma Chemical 
Company, recrystallized), 10 to 20 wmoles of magnesium chlo- 
ride, 0.08 ymole of cytochrome ¢ (Sigma Chemical Company, 
horse heart), substrate (citrate, 45 wmoles), 0.2 ml. of 10 per cent 
homogenate, and isotonic sucrose to 3.0 ml. In studies involv- 
ing a phosphate trapping system, 40 wmoles of glucose and 0.5 
mg. of hexokinase (Sigma, type III) were added from the side 
arm immediately after the 10 minute equilibration period. 

When an analysis of inorganic P and a-ketoglutarate was de- 
sired, the flasks were quickly removed from the manometers, 
chilled on cracked ice, and deproteinized with cold 10 per cent 
trichloroacetic acid. Inorganic P and a-ketoglutarate were de- 
termined on the filtrates by the method of Lowry and Lopez (7) 
and Friedemann and Haugen (8), respectively. 


RESULTS AND DISCUSSION 


The lag in citrate oxidation by kidney homogenates was easily 
demonstrated when incubations were carried out in a medium 
containing large amounts of P; (Fig. 1). Furthermore it was ob- 
served with the addition of as little as 7 umoles of P; and that it 
could be intensified by increasing the P; additions. The substi- 
tution of Tris buffer for most of the P; prevented the lag; how- 
ever, small amounts of P, were necessary for optimal oxidation. 
With the Tris medium, the oxidation was strictly linear with 
respect to time for at least 140 minutes. This is an unusually 
long period for homogenates, although Pardee and Potter (2) 
achieved the same for 120 minutes with a mixture of Krebs evcle 
substrates. 

To gain insight into the mechanism of the lag, the consumption 
of oxygen in consecutive 10 minute periods was studied in rela- 
tion to the P, and the a-ketoglutarate content of the medium. 
Two possible mechanisms for the disappearance of the lag were 
entertained, viz. the decrease of P; through oxidative phosphoryl- 
ation, or the progressive increase in other Krebs cycle substrates 
whose further oxidation might not be affected by P; as suggested 
by the work of Pardee and Potter (2). Fig. 2 indicates that 
probably the latter mechanism is operative since the P; in the 
medium did not change appreciably during the incubation period 
and the increase in a-ketoglutarate content paralleled the rate 
of increase in oxygen consumption. The argument for this 
mechanism is further strengthened by the results in Table I 
which show that the oxidation of substrates other than citrate 
and isocitrate is not affected by P, additions. 
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Min. 
Fic. 1. Lag in citrate oxidation by kidney homogenates with 


additions of 7, (B), 37 (C), and 47 (D) umoles of Pj, respectively, 
as compared with Tris medium (A) as described in the text. 
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Fic. 2. The relation of inorganic phosphorus and a-ketoglu- 
turate to the lag in citrate oxidation. The medium used was de- 
scribed in the text. @ @, oxygen consumption, 3 umoles of 
oxygen consumption, 15 wmoles of P;; O——-O, P; of 
the medium, 15 umoles of P;; A- - -A, a-ketoglutarate, 15 wmoles 
of P,. 


When a phosphate trapping system, 7.e. hexokinase and glu- 
cose, was added, the lag in citrate oxidation was reduced which 
correlated with the disappearance of P; from the medium. Un- 
der these conditions, the disappearance of P; by oxidative phos- 
phorylation became a factor in overcoming the lag. 

It is interesting to note that isocitrate oxidation was not so 
strongly inhibited as citrate oxidation (Table I). This may be 
due to a difference in effective isocitrate concentration or to an 
effect of P; on aconitase. The latter would not be entirely sur- 
prising since this enzyme is known to be inhibited by O-phenan- 
throline (9) presumably by binding the Fe** cofactor. 

It is not possible to state from our data which system of en- 
zymes is inhibited by P; since several pathways of isocitrate 
oxidation are known for animal tissues. Two of these proceed 
via the TPN-dependent isocitric dehydrogenase (10) and one via 
the DPN-dependent isocitrie dehydrogenase (11). The two 


H. F. DeLuca, F.C. Gran, S. Reiser, and H. Steenbock 1913 


TPN pathways differ in the disposal of the generated TPNH; 
the TPNH being oxidized either through the TPN H-cytochrome 
c reductase system of Horecker (12) which appears to be of minor 
consequence in mitochondria (13, 14), or through the transhy- 
drogenase system of Kaplan et al. (15), which is believed to be 
the primary pathway in mitochondria (16). 

The detailed results of attempts to demonstrate an inhibitory 
effect of P; on the oxidation of citrate by tissues other than kid- 
ney are not presented in tabulated form. Briefly, no evidence 
of an inhibitory effect under our experimental conditions was 
obtained with liver, spleen, brain, and heart homogenates. 
Whether this was the result of a difference in their citrate oxi- 
dation systems or a shortcoming of our technique remains to be 
determined. 

The elimination of the lag in citrate oxidation with the use of 
the Tris medium made possible the determination of optimal 
concentrations of reactants with kidney homogenates. The de- 
tailed results of the effect of various concentrations are not pre- 
sented but those found to be optimal are mentioned in the experi- 
mental section. 

Other data, which are not shown here, revealed no increase in 
the rate of citrate oxidation when other Krebs cycle acids, or 2 
pmoles of either DPN or TPN, or boiled homogenate were added 
to the Tris medium. The Tris medium also satisfied the require- 
ment that the rate of oxygen consumption should be proportional 
to the amount of tissue added, at least within the limits of 20 to 
50 mg. of tissue (Fig. 3). Below this concentration e.g. at 10 
mg., the observed activity was below that indicated by the 
graph. There is a possibility that this was related to the in- 
creased mnhibitory effect of P; at low tissue concentrations (Ta- 
ble Il), the reason for which also is not clear although the P; 
binding of a cofactor is a possible explanation. That P; may in 
some way affect mitochondrial structure and permeability should 
also be considered. 

The comparative ability of the homogenates of various organs 
to oxidize citrate is shown in Table III. Clearly, the homogen- 
ates from kidney were most effective followed by those from 
liver. Brain, heart, and spleen homogenates showed significant 
but relatively low intensities of oxidation. These results corre- 
late with the findings of Harrison and Harrison (17) and others 


I 
Effect of inorganic phosphate (P,;) on oxidation of various substrates 
by kidney homogenates 
Reaction medium as described in the text. All substrates were 
supplied at 15 wmoles per flask except citrate (45 wmoles) and 
succinate (30 umoles). 


Substrate No addition | Plus mmoles) Tyhibition 
| Qo. Qos % 
| 73 26 64 
d-Isocitrate............. | 69 | 37 46 
Pyruvate + fumarate*... 60 61 0 
| Q5 90 5 
Malate..... 33 
Fumarate. | 33 39 0) 
Glutamate....... 63 64 0 
8-OH-butyrate...........| 30 | 0 
a-Ketoglutarate......... | 71 | 87 | 0 


* 5 umoles per flask. 
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Citrate Oxidation 


Fic. 3. Relation of amount of tissue to oxygen consumption. 
Citrate was oxidized by kidney homogenates in the Tris medium 
described in the text. @——@, 10 minutes; Xx——xX, 20 minutes; 
A—A, 30 minutes. 


TaBLe II 


Effect of amount of tissue on phosphate inhibition of citrate 
oxidation by kidney homogenates 


Reaction medium as described in the text. 


Amount of tissue No addition Plus 37 moles Pj Inhibition 
mg./flask Co. Qo: % 
20 70.0 24.5 65 
30 70.0 40.0 43 
40 75.0 54.5 27 
50 74.0 60.5 18 
TaBLe III 


Oxygen consumption by vartous rat tissues in 
citrate-tris medium 
Reaction medium as described in text. Tissue concentrations 
used were in mg. per block: kidney, 20; liver, 30; brain, 60; heart, 
60; spleen, 60. 


Tissue Qo. (N) 
50 


that the kidney is a primary organ for the removal of serum cit- 
rate. 

Our earlier results (1) with a phosphate buffered medium which 
revealed that additions of vitamin D to a rachitogenic or a non- 
rachitogenic diet of rats reduced the oxidation of citrate in kid- 
ney homogenates, prompted a further study of the oxidative 
rates in homogenates from such rats with the use of the Tris 
medium instead. The data (Table IV) reveal that vitamin D 
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TaBLe IV 
Oxidation of citrate and d-isocitrate in low phosphate medium by 
kidney homogenates of vitamin D-treated and deficient rats 
The rats received an adequate Ca and P containing semisyn- 
thetic diet (1) for 2 weeks with and without 75 i.u. of vitamin D 


every 3 days. 
Assays were carried out in Tris medium described in the text 


with 20 mg. of tissue per flask. 


| Citrate d-Isocitrate 
Co: (N) Qo. (N) 
DD... 409 + 26* 362 + 15* 
Plus vitamin D........... 351 + 14* 323 + 9* 
15t 12t 
* Standard deviation = 4. 
n 


tp < 0.001. 


reduced the oxidation of citrate and isocitrate significantly, but 
with much less effect than had been found with the phosphate 
medium (1). This might account for the observation of Steen- 
bock and Bellin (18) that vitamin D was most effective in in- 
creasing kidney citrate when diets adequate or high in P were 
fed. The results also suggest that the effect of vitamin D on 
citrate oxidation (1) is in some way related to the effect of Pi. 
It is interesting to speculate on the possibility that P; concentra- 
tion in kidney tissue may function as a controlling factor in 
citrate metabolism, thus regulating the cellular level of citrate. 
However, it is clear that the effect of vitamin D on tissue citrate 
is not the result of such a regulation. In experiments not shown 
here, it was found that vitamin D had no effect on inorganic and 
labile P levels of kidney and liver. 


SUMMARY 


Inorganic phosphate when added to kidney homogenates in- 
hibited the oxidation of citrate and isocitrate but not of a-keto- 
glutarate, glutamate, fumarate, pyruvate, and succinate. No 
effect was obtained with liver, heart, brain, and spleen homog- 
enates. The inhibition was most pronounced with small 
amounts of added tissue, and is responsible for the lag in citrate 
oxidation observed with phosphate buffered media since it was 
prevented by the substitution of tris(hydroxymethyl)amino- 
methane buffer for most of the phosphate. With this substitu- 
tion, high rates of citrate oxidation were obtained which were 
linear with time and amount of added tissue for long periods 
and which were not increased by the addition of triphospho- 
pyridine nucleotide, diphosphopyridine nucleotide, or small 
amounts of other Krebs cycle substrates. The highest rate of 
citrate oxidation was obtained with kidney tissue followed in de- 
creasing order of intensity by liver, brain, heart, and spleen tis- 
sue. | 
Vitamin D additions to the nonrachitogenic, phosphate rich 
diet of rats resulted in a significant reduction in the oxidation of 
citrate by kidney homogenates in the tris(hydroxymethy]l)amino- 
methane medium, but the effect was much less than had been 
found earlier with the phosphate medium. 
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Studies on the Electron Transfer System 
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DIAPHORASE ACTIVITY FROM BEEF HEART MITOCHONDRIA* 
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The electron transport particle prepared from beef heart 
mitochondria contains two flavoprotein enzymes in approxi- 
mately equal amounts: (a) the succinic dehydrogenase and (b) 
the reduced diphosphopyridine nucleotide dehydrogenase (1). 
When the electron transport particle is exposed to 9 per cent 
ethanol and pH 5 at 38°, the DPNH dehydrogenase is liberated 
from the particle almost quantitatively, and the flavoprotein 
thus solubilized has been isolated by de Bernard in a highly 
purified state (2). The de Bernard flavoprotein catalyzes the 
oxidation of DPNH by both cytochrome ¢ and ferricyanide. 
The functional flavin group of the de Bernard enzyme is not 
flavin adenine dinucleotide. Some years previously Mahler 
et al. (3) had isolated from pig heart muscle a soluble flavoprotein 
enzyme which corresponds closely in properties with those of the 
de Bernard enzyme. The method of extraction of the Mahler 
flavoprotein from the particles was the same as for the de Bernard 
flavoprotein. 

In 1939 Straub (4) isolated from a particulate suspension 
originating from pig heart muscle a soluble flavoprotein with 
DPNH dehydrogenase activity. Unlike the de Bernard and 
Mahler enzymes the Straub flavoprotein shows no cytochrome c 
reductase activity but is active with methylene blue as electron 
acceptor. Furthermore the prosthetic group of the enzyme is 
flavin adenine dinucleotide. The relationship between the 
Straub enzyme on the one hand and the Mahler and de Bernard 
enzymes on the other has been the subject of lively discussion 
and speculation in recent years. 

Three observations induced us to probe more deeply into the 
DPNH dehydrogenase problem. First, particles from which the 
de Bernard flavoprotein has been isolated contain acid-extract- 
able flavin exclusively in the form of flavin adenine dinucleotide, 
whereas the prosthetic group of the de Bernard enzyme is not 
flavin dinucleotide. Second, the DPNH-ferricyanide activity 
of the electron transport particle is much higher per unit of acid- 
extractable flavin than that of the de Bernard enzyme. Third, 
the de Bernard enzyme can be extracted from particles which 
show no DPNH-cytochrome ¢ reductase activity. Thus the 


* This work was supported in part by National Heart Institute 
Research Grant H-458 and Division of Research Grants Graduate 
Training Grant 2G-88 from the National Institutes of Health, 
United States Public Health Service; by the National Science 
Foundation Research Grant G-3227; and by Atomic Energy Com- 
mission Contract AT(11-1) 64, Project 4. 

+ Senior postdoctoral trainee of the University of Wisconsin, 
Institute for Enzyme Research. 

t Postdoctoral trainee of the University of Wisconsin, Institute 
for Enzyme Research. 


emergence of this activity in the liberated flavoprotein poses a 
puzzle. These observations strongly suggested that the particles 
contain a DPNH dehydrogenase with different properties from 
those of the de Bernard enzyme. 

The present communication deals with the isolation of a lipo- 
flavoprotein from beef heart mitochondria, or particles derived 
therefrom, with DPNH dehydrogenase activity. This flavo- 
protein contains flavin adenine dinucleotide as prosthetic group 
and is essentially inactive with cytochrome c as electron acceptor. 
It differs from the Straub, Mahler and de Bernard enzymes in 
two important respects: (a) the presence of lipide and (6) a rela- 
tively high rate of reaction with ferricyanide as electron acceptor. 
Under appropriate conditions the lipoflavoprotein can be con- 
verted to a flavoprotein with properties indistinguishable from 
those of the Straub flavoprotein. This conversion involves the 
loss of lipide. Under other conditions the particle-bound lipo- 
flavoprotein can be converted to the de Bernard or Mahler 
flavoprotein. This latter conversion involves not only loss of 
lipide but also chemical modification of the prosthetic group. 


EXPERIMENTAL 


Methods 


DPNH-ferricyanide and DPNH-cytochrome c¢ reductase ac 
tivity were measured spectrophotometrically by the methods 
described by de Bernard (2). DPNH-methylene blue reductase 
activity was measured manometrically by the method of Straub 
(4), and spectrophotometrically by the method of Huennekens 
et al. (5). The methylene blue solutions should be relatively 
metal-free. 

Flavin and nonheme iron were determined by methods pre- 
viously published (2). Protein was estimated by the biuret 
method (6). The protein could not be estimated directly by 
this method in preparations that contained more than 50 per 
cent lipide because of turbidity and interference of the lipide 
with normal color development. With such preparations the 
lipoprotein was precipitated with 5 per cent trichloroacetic acid 
and resuspended in a small volume of absolute ethanol. The 
suspension was heated in a boiling water bath to dissociate the 
lipide from the protein, and the heating was continued until 
almost all of the ethanol had boiled off. The residue was then 
extracted with diethyl ether to remove the lipide, and the remain- 
ing protein residue was estimated directly by the biuret method. 
After extraction of the lipide the protein was readily dissolved 
by the biuret reagent. Flavin adenine dinucleotide was esti- 
mated in the pD-amino acid oxidase svstem (7). Livide content 
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was determined by extracting the dried preparation (dried at 
100°) with hot ethanol (50°). The ethanol extracts were evap- 
orated, and the residue was extracted with petroleum ether. 
After evaporation of the petroleum ether the residue was deter- 
mined gravimetrically. The lipide values are expressed as the 
per cent of the total dry weight which is extractable first into 
hot ethanol and then into petroleum ether. 

‘The Straub diaphorase was isolated from pig heart muscle 
according to the original procedure of Straub (4), and cyto- 
chrome ¢ reductase was prepared from both pig heart and beef 
heart mitochondria according to the method of Mahler et al. 
as modified by de Bernard (2). 


Reagents 


The sources of the following reagents are indicated in paren- 
theses: DPNH and cytochrome ¢ (Sigma Chemical Company), 
flavin adenine dinucleotide (California Foundation for Bio- 
chemical Research), cholic acid' (Eastman Chemical Company), 
and methylene blue (Merck and Company). 


Preparation of Lipoflavoprotein 


There are three basic preparative steps in the procedure: (a) 
the conversion of mitochondria to the succinie dehydrogenase 
complex (8); (6) the conversion of SDC? to a soluble hemoprotein 
fraction; and (c) the extraction of the lipoflavoprotein from the 
soluble hemoprotein fraction. The same or a similar hemo- 
protein fraction may be obtained directly from mitochondria 
without going through SDC as an intermediary stage. The two 
alternative procedures for preparing the hemoprotein fraction 
will be described. The yields in the three-step method are 
smaller, but the purity of the product is uniformly acceptable. 
The vields in the two-step method are much higher, but occa- 
sionally the product does not attain the highest activity level. 

All manipulations were carried at 0-5° unless otherwise indi- 
cated. 


Preparation of Hemoprotein from Succinic 
Dehydrogenase Complex 


The red particle (Stage 1, SDC) isolated from beef heart 
mitochondria by the method described previously (8), was 
suspended in 0.25 m sucrose, and the protein concentration of 
the suspension was adjusted to between 15 and 20 mg. per ml. 
Sodium cholate (2 mg. per mg. of protein) and solid KC! (final 
concentration of 3 mM) were added to the suspension. The pH 
was maintained at 7.4. The slightly turbid “‘solution’’ was 
centrifuged at 30,000 r.p.m. for 30 minutes in the No. 30 rotor 
of the Spinco model L ultracentrifuge. The residue was dis- 
carded, and the clear red supernatant fluid was dialyzed for 5 
hours against 10 volumes of 0.01 m phosphate buffer of pH 7.4. 

The precipitate that developed during the dialysis was re- 
moved by centrifugation. Solid ammonium sulfate, 10.6 gm. 
per 100 ml., was added to the supernatant, and the precipitate 
that formed was removed by centrifugation and discarded. 
Additional ammonium sulfate, 20.7 gm. per 100 ml., was added 


1In a previous communication of this series (8) it was stated 
that Eastman cholic acid was grossly contaminated with deoxy- 
cholic acid. Since then we have discovered an error in the assay 
method. When properly determined, Eastman cholic acid is 
better than 99 per cent pure. 

2 The abbreviation used is: SDC, succinic dehydrogenase com- 
plex. 
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to bring the solution to 55 per cent saturation. The precipitate 
which contained the diaphorase activity was collected and dis- 
solved in 0.1 M potassium phosphate buffer of pH 7.4. This 
fraction, which will be referred to as the hemoprotein solution, 
was frozen overnight. 

Extraction of Hemoprotein Solution with Petroleum Ether— 
The hemoprotein solution was thawed and centrifuged to remove 
precipitated cholate and a small amount of denatured protein. 
The clear solution was mixed with an equal volume of cold 
petroleum ether (0°) by vigorous stirring. The opalescent, free 
flowing emulsion was centrifuged at 5000 x g for 10 minutes. 
The emulsion separated into two phases during centrifugation. 
The aqueous phase was removed and again treated with petro- 
leum ether in the same way. The turbid aqueous phase contains 
the diaphorase, whereas the petroleum ether contains one or 
more colorless lipoproteins which would interfere with the final 
extraction of diaphorase. 

Extraction of Lipoflavoprotein with Isooctane—The hemoprotein 
solution after petroleum ether extraction was centrifuged at 
40,000 r.p.m. for 30 minutes. The supernatant fraction was 
removed with a syringe, made 10-4 mM with respect to KCl, and 
then emulsified with 2 volumes of cold isooctane (0°) in a Potter- 
Elvehjem homogenizer (glass-Teflon). The emulsion was centri- 
fuged at 40,000 r.p.m. in the Spinco model L ultracentrifuge for 
20 minutes. During centrifugation the emulsion separated into 
two layers, the cytochromes collected in the aqueous phase, and 
the diaphorase remained trapped as a rigid gel in the isooctane 
phase. The aqueous layer was removed and extracted a second 
time with isooctane in the same way as before. The two iso- 
octane gel fractions were combined and again centrifuged at 
40,000 r.p.m. for 20 minutes to remove the last traces of the 
aqueous layer in which the cytochromes were present. After 
centrifugation the yellow, transparent gel was carefully trans- 
ferred to a round bottom flask and dried under vacuum at 5—-10°. 
The dried residue was taken up in 0.1 M potassium phosphate 
buffer at pH 7.4, and the solution was clarified by centrifugation 
at 40,000 r.p.m. for 15 minutes. 

The clear yellow supernatant fluid containing the purified 
lipoflavoprotein can be frozen at this point or immediately 
dialyzed for 48 hours against several changes of 0.25 mM sucrose 
and 10-° m ethylenediaminetetraacetate (Versene) to remove 
the last traces of cholate. The lipoflavoprotein can be stored 
for several weeks at — 15° in 0.25 mM sucrose or in phosphate buffer 
containing cholate without loss of activity. Freezing the enzyme 
in the absence of sucrose or cholate leads to loss of diaphorase 
activity. 

Preparation of Hemoprotein Solution from Mitochondria— 
Mitochondria (40 mg. protein per ml.) in 0.25 m sucrose were 
suspended with cholate (2 mg. per mg. of protein) and KCI (3.0 
M final concentration). The suspension was warmed to 15° and 
n-butanol added to a final concentration of 2 per cent (volume 
for volume). After it stood for 10 minutes at 15° the suspension 
was rapidly cooled to 5° and centrifuged at 30,000 r.p.m. for 
15 minutes. The supernatant fraction, which contained essen- 
tially all the original mitochondrial diaphorase activity, was 
dialyzed for 5 hours against 0.01 m phosphate buffer, pH 7.4. 
After dialysis the precipitate which formed was removed, and 


* The deep red residue, which was free of the diaphorase, con- 
tains almost exclusively the succinic flavoprotein and cytochrome 
h. The properties of this particle will be described in a later 
publication. 
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TABLE 
Purification of lipoflavoprotein 
Total protein) S.A.* Unitst 
mg. 

Mitochondria........... 4 80 ,000 
Hemoprotein........__. 400 13 5,200 

Petroleum ether-extracted hemo- 

Isooctane-extracted lipoflavopro- 
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* Specific activity, wmoles of DPNH oxidized per minute per 
mg. of protein. Electron acceptor, ferricyanide. 
t Unit = 1 ymole of DPNH oxidized per minute. 


the supernatant solution fractionated with ammonium sulfate. 
The fraction precipitated between 20 to 50 per cent saturation 
was collected and dissolved in 0.1 mM phosphate buffer, pH 7.4. 
From this point on the procedure was identical with that de- 
scribed above for the extraction of the lipoflavoprotein from the 
hemoprotein solution prepared from SDC. 

A summary of the yields and purification achieved in the 
various isolation steps is given in Table I. The low yield of 
enzyme in the conversion of mitochondria to SDC is not a token 
of enzyme destruction or loss but rather an index of the relative 
inefficiency with which the particle is fragmented in the manner 
requisite for isolation of the lipoflavoprotein. Once the proper 
fragmentation is accomplished the losses are not excessive. 


RESULTS 


Composition—At the highest purity level the lipoflavoprotein 
was free of contaminating cytochromes, and all the bound flavin 
was acid-extractable. Mr. Dan Gilboe and Professor Robert 
Bock have examined samples of the lipoflavoprotein in the 
ultracentrifuge and observed only a single, sharply sedimenting 
component. They will report elsewhere their sedimentation 
and electrophoretic studies. All the flavin was estimated as 
flavin adenine dinucleotide in the D-amino acid assay system. 
The iron content of several preparations was determined, and 
the values varied between 14 and 18 mymoles per mg. which 
corresponds to 1.0 to 1.3 atoms of iron per mole of flavin. Lipide 
accounted for 85 to 88 per cent of the dry weight of the enzyme. 
This was measured by the moiety soluble in hot ethanol and 
petroleum ether. 

If the smallest common denominator for the lipoflavoprotein 
were a single molecule of flavoprotein linked to a lipide, the 
minimal molecular weight would be 74,000 x j55 or 490,000. 
The ultracentrifuge data suggest that the observed molecular 
weight is some multiple (at least 4) of the minimal molecular 
weight. 

Spectrum—The direct spectrum of the lipoflavoprotein in the 
reduced and oxidized forms is shown in Fig. 1A. The high 
adsorption due to the lipide components accounts for the atypical 
form of the flavin spectrum. 

The difference spectrum (oxidized minus reduced) is plotted in 
Fig. 1B. The main flavin band appears at 462 my, and there is 
a pronounced shoulder at 485 mu. 

Qualitatively there is no extensive difference between the 
spectra of the lipoflavoprotein reduced with DPNH or with 
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dithionite. Reduction with dithionite leads to a decrease in 
optical density between 600 and 525 my, whereas reduction with 
DPNH does not affect the absorption of the enzyme in this 
region of the spectrum. At all points on the curve from 510 to 
430 my the bleaching obtained with DPNH is only 49 to 51 per 
cent of that with dithionite. 

Upon reduction of the enzyme with substrate a small band 
appears at 420 mu. This band disappears when the lipoflavo- 
protein is reduced with dithionite. 

Enzymatic Activity—The dehydrogenating activities of the 
lipoflavoprotein expressed as wmoles of DPNH oxidized per 
minute per mg. of protein at 38° were as follows: DPNH-ferri- 
cyanide, 410 to 420 wmoles; DPNH-2,6-dichlorophenol indo- 
phenol, 2 to 3 umoles; DPNH-methylene blue, 40 to 50 umoles; 
and DPNH-cytochrome c, 0 to 1 wmole. Fresh preparations 
of the lipoflavoprotein are usually inactive in catalyzing the 
oxidation of DPNH by cytochrome c, but after freezing and 
thawing of the enzyme solution a small activity is observed. 
TPNH does not replace DPNH as substrate for the enzyme. 

There was no change in rate of the DPNH-ferricyanide reac- 
tion over the range of pH 6.5 to 8.0. Above pH 8.0 the rate 
of ferricyanide reduction declined slightly. The activity of the 
enzyme was the same in phosphate, tris(hydroxymethy!)amino- 
methane or glycylglycine buffers and was independent of buffer 
strength from 2 K 10°! to 1 X 10°-* molar. Within the limits 
imposed by the spectrophotometric assays, the concentration of 
the electron acceptor was not rate-limiting until reduction of at 
least 90 per cent of the ferricvanide present had occurred. 
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Fic. 1A. Direct spectra of the lipoflavoprotein: ——, oxidized 
enzyme; ----, reduced with DPNH; ----- , reduced with dithionite. 


Absorbancy measurements were made at 5 my intervals, except 
near maxima or minima where the interval was 2 mu. Spectra 
were recorded at 0° in a Beckman DU spectrophotometer. The 
experimental cuvette contained 100 uzmoles of phosphate (pH 7.4) 
and 1.6 mg. of enzyme protein in a final volume of 1 ml. The 
blank contained water. The lipoflavoprotein was first reduced 
with substrate (0.06 wmole of DPNH in 0.001 ml. of water was 
added to both the experimental and control cuvettes) and then 
with dithionite. 

B. The difference spectra (oxidized minus reduced) of the lipo- 
flavoprotein: ----, enzyme reduced with DPNH; ——, enzyme 
reduced with dithionite. These spectra were plotted from the 
same data as those of Fig. 1A. 
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TABLE II 


Effect of DPNH oxidase inhibitors on diaphorase 
activity of lipoflavoprotein 


Inhibitor Concentration Inhibition 
% 
Antimycin A | 10-5 m 0 
Amytal | 1.5 X 10°? 0 
p-Chloromercuribenzenesul- | 
fonate 10-* 100 
1077 M 95 
2,3-Dimercapto-1-propanol (BAL) 10-* 40 
107 55 
pL-Lipoic acid 10-3 70 
pL-Lipoamide 1073 65 


TaBLe III 
Comparison of flavoproteins derived from heart mitochondria 


Flavin Diaphorase 


activityt 

protein | FAD* blue 

Cytochrome c reductase............... 10 | 0; 25 97 

Straub diaphorase.................... 14 100 1-2 | 130 
Flavoprotein derived from lipoflavo- 

Lipoflavoprotein...................... 13.6 100 | 425 40 


* These values represent the per cent of the total flavin, meas- 
ured spectrophotometrically, that assayed as FAD in the p-amino 
acid oxidase assay. 

t The activity is reported as uwmoles of DPNH oxidized per 
minute per mg. of protein. 


The effects of several reagents and inhibitors on the DPNH- 
ferricyanide activity of the lipoflavoprotein are shown in Table 
II. The three dithiols tested uniformly caused extensive inhibi- 
tion at relatively low levels. Antimycin and Amytal did not 
affect the activity of the enzyme. 

Conversion of Lipoflavoprotein to Straub Diaphorase—When 
the lipoflavoprotein in a 10 per cent saturated ammonium sulfate 
solution was exposed to 25 per cent (volume for volume) butanol 
for 1 hour at 5°, it was fragmented into a lipide-free flavoprotein 
which remained in the aqueous phase and a lipide moiety which 
was extracted into the butanol layer. The aqueous phase was 
dialyzed overnight against .01 m phosphate buffer, pH 7.4, to 
remove butanol, and the flavoprotein was then precipitated by 
addition of ammonium sulfate to a final saturation of 75 per cent. 
Some free flavin was liberated during the butanol procedure and 
remained in the supernatant after sedimentation of the flavo- 
protein. 

The butanol-liberated flavoprotein closely resembles the Straub 
diaphorase in respect to the four properties listed in Table III: 


- (a) concentration of flavin per mg. of protein; (b) chemical nature 


of the prosthetic group; (c) DPNH-ferricyanide activity; and 
(d) DPNH-methylene blue activity. Both flavoproteins were 
50 to 100 times more active with methylene blue as acceptor than 
with ferricyanide. 

The lipide moiety of the lipoflavoprotein appears to be respon- 
sible for its high activity with ferricyanide as electron acceptor. 
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The lipide liberated by exposure of the enzyme to butanol does 
not increase the capacity of the lipide-free flavoprotein to react 
with ferricyanide. This could be a consequence either of the 
modification of the key lipide components by the extraction 
procedure or of the irreversibility of the fragmentation of the 
lipoflavoprotein. 

Relation between Lipoflavoprotein and Mahler Cytochrome c Re- 
ductase—When mitochondria were exposed to sonic irradiation 
in the manner previously described (9) they were fragmented 
into particles, most of which could be sedimented by centrifuga- 
tion at 30,000 r.p.m. for 30 minutes. These sedimented parti- 
cles, which will be referred to as ETPx (electron transport par- 
ticles) to conform with the previous nomenclature, contained 
essentially all the original diaphorase activity of the mitochon- 
drion (cf. Table IV). All the acid-extractable flavin in these 
particles was exclusively in the form of flavin adenine dinucleo- 
tide. The transition from mitochondria to these fragmented 
particles was necessary in order to eliminate flavoproteins with 
acid-extractable flavin which are not concerned in the oxidation 
of DPNH. These additional flavoproteins were liberated during 
the sonic treatment and left behind in the supernatant after 
centrifugation. About 50 per cent of the total acid-extractable 
flavin remained in the supernatant and was entirely in the form 
of flavin adenine dinucleotide. The DPNH diaphorase activity 
per unit of acid-extractable flavin in the particles was 26-fold 
higher than that in the supernatant. Unpublished studies of 
Beinert and Lee have implicated the flavoproteins liberated by 
sonic treatment of mitochondria in the oxidation of fatty acyl- 
CoA esters. 

The ratio of diaphorase activity to FAD in the submitochon- 
drial particles was close to that observed for the isolated lipo- 
flavoprotein which suggested that the particle-bound DPNH 
flavoprotein was in a form closely resembling the lipoflavoprotein. 

When the above mentioned particles were exposed to ethanol 
and acid under the conditions which Mahler et al. (3) and de 
Bernard (2) used for extraction of cytochrome c reductase, 
nearly all of the total acid flavin was brought into solution (2) 
and up to 60 per cent could be recovered in the flavoprotein 


TaBLe IV 
Distribution of acid-eztractable FAD and diaphorase activity in 
fractions obtained from mitochondria fragmented by 
sonic vibrations 


Acid 
Fraction Condition | activity® —* 


3 


Fragmented by sonic | 4.3 | 13 | 0.34 |100 

vibrations 
Particles (ETPat)...| Sedimented, 30,000 | 5.3 | 26 | 0.20 | 53 
r.p.m., 30 min. 
Supernatant fraction 0.8; 1) 0.85 | 45 


Mitochondria... 


* Ferricyanide assay: in the first column the values are ex- 
pressed as ymoles of DPNH oxidized per minute per mg. of pro- 
tein. Inthe second column the values represent pmoles of DPNH 
oxidized per minute per myumole of flavin. 

t All of the acid-extractable flavin of beef heart mitochondria 
assayed as FAD in the p-amino acid oxidase system. 

Electron transport particles. 
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TABLE V 
Effect of method of extraction on form of flavin prosthetic group and 
diaphorase activity of DPNH dehydrogenase 

The data in this table were obtained by measurements of frac- 
tions obtained by extracting the DPNH dehydrogenase from 
I; TPa (see Table IV and text for definition of these particles) by 
the second method described in this paper and by the method of 
Mahler as modified by de Bernard (2). The recovery of flavin 
and activity in the first extracts and in the final purified enzymes 
is given for both procedures. All of the values are averages of at 
least four experiments. 


| Acid-extractable Diaphorase 
flavin activity* 
mu- Per cent Per Per cent 
moles/ | FAD of og Specific of 
mg. total aan activity | original 
protein | flavin ery activity 
Lipoflavoprotein 
9 98 80 | 20 80 
Purified enzyme........... 13.0 | 100 8 | 410 
Cytochrome c reductase 
9. 2-5 | 80 | 55 17 
Purified enzyme........... 12. 0.0 | 55 | 26 4 


* Ferricyanide assay: specific activity is expressed as ymoles of 
DPNH oxidized per minute per mg. of protein. 


isolated from the acid-ethanol extract of the particles (ef. 
Table V). Thus the extraction both of acid-extractable flavin 
and of flavoprotein with diaphorase activity was essentially quan- 
titative. However, the acid flavin of the purified flavoprotein 
extracted from the particle was no longer in the form of flavin 
adenine dinucleotide, although all the acid-extractable flavin was 
in this form in the particle. Apparently, the dinucleotide was 
converted to some other form during the acid-ethanol treatment 
of the particle. Whether the emergence of cytochrome c reduc- 
tase activity is related to this modification of the chemical struc- 
ture of the dinucleotide remains to be determined. 

In view of this clear evidence that the conditions for extraction 
of cytochrome c reductase led to the modification of the flavin 
prosthetic group, we determined the ratio of FAD to flavin at 
various stages in the preparation of cytochrome c reductase from 
pig heart muscle according to the method of Mahler. Again the 
acid-ethanol treatment proved to be the factor responsible for 
the transformation of the prosthetic group of the reductase. 
The starting material contained acid-extractable flavin exclu- 
sively in the form of FAD whereas the purified reductase con- 
tained no FAD. 


DISCUSSION 


The experiments and data reported in this communication 
suggest that heart mitochondria contain only one flavoprotein 
enzyme which is involved in the dehydrogenation of DPNH. 
In the mitochondrion and some derived particles this flavopro- 
tein enzyme is firmly linked to a lipide moiety, and this flavo- 
protein-lipide association can be treated as a definite molecular 
entity which we have referred to as a lipoflavoprotein. The ratio 
of lipide to protein, the composition of the lipide, and the molecu- 
lar ratio of flavin to lipide appear to be constant and reproducible. 
It might be simplest to look upon the lipoflavoprotein as a com- 
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plex of a flavoprotein and a lipoprotein, but as vet the lipoflavo- 
protein cannot be resolved into a mixture of flavoprotein and 
lipoprotein. When the lipide moiety is separated from the 
complex, it does not contain any protein and it is water-insoluble. 
On that basis it is more appropriate to think of the lipoflavopro- 
tein as the lipoprotein, the protein part of which contains flavin. 
The lipoflavoprotein has one property which is not shared by 
any of the known lipide-free flavoprotein enzymes which catalyze 
the dehydrogenation of DPNH. It is capable of utilizing ferri- 
cyanide as electron acceptor, even at levels only several fold 
higher than the concentration of substrate. The DPNH-ferri- 
cyanide activity of the lipoflavoprotein is 10 times higher than 
the DPNH-methylene blue activity. The reverse is true for the 
lipide-free diaphorases. The DPNH-methylene blue activity of 
these enzymes is from 4 to 65 times greater than that of the 
DPNH-ferricyanide activity. The high ferricyanide reductase 
activity of the lipoflavoprotein serves as a guide to the state of 
the flavoprotein, whether in a particle or extract. If the ratio 
of ferricyanide activity to acid-extractable flavin declines during 
extraction of the flavoprotein from the particle, the extraction 
procedure has stripped the lipoflavoprotein of its lipide. This is 
precisely what happens under the conditions which lead to the 
extraction of both the Mahler or de Bernard flavoprotein and 
the Straub flavoprotein from mitochondria. Both these flavo- 
proteins have negligible or relatively little DPNH-ferricyanide 
activity, and they contain no observable lipide. Under other 
conditions the lipoflavoprotein can be extracted as such from the 
particle, and then there is no change in the ratio of ferricyanide 
activity to acid-extractable flavin from that of the parent particle. 
The extraction procedure can lead not only to the detachment 
of lipide but also to the chemical modification of the flavin pros- 
thetic group as in the case of the Mahler and de Bernard flavo- 
proteins. Flavin adenine dinucleotide is converted to a form 
which is enzymatically inactive in the D-amino acid oxidase assay. 
That this is indeed a conversion is borne out by the fact that 
particles from which the Mahler and de Bernard flavoprotein 
enzymes can be extracted in relatively high vield contain acid- 
extractable flavin exclusively in the form of flavin adenine di- 
nucleotide. Thus, the concentration of total acid-extractable 
flavin (estimated spectrophotometrically) agrees very closely 
with the concentration of flavin adenine dinucleotide (estimated 
in the enzymatic assay). 3 
The emergence of cytochrome c reductase activity in the 
flavoprotein appears to parallel the conversion of FAD to the 
form which is inactive in the D-amino acid oxidase assay. It has 
been suspected for some time that, because of its antimycin in- 
sensitivity, the cytochrome ¢ reductase activity of the Mahler 
flavoprotein has no relevance to the sequence of components in 
the electron transfer chain, and the clear evidence that cyto- 
chrome ¢ reductase activity is an activity which emerges as a 
consequence of the extraction procedure reinforces this doubt. 
The diaphorase isolated by Straub was characterized primarily 
in terms of its FAD content and its reaction with methylene 
blue. In these two respects the flavoprotein derived from the 
lipoflavoprotein by removal of lipide is identical with the Straub 
enzyme. Recently Massey (10) has isolated what he refers to 
as the Straub diaphorase by a somewhat different procedure, and 
he has reported that the enzyme isolated by this procedure cata- 
lyzes the oxidation of DPNH by lipoic acid or lipoamide as 
well as by oxidation-reduction dyes. Massey concludes that the 
enzyme responsible for the DPNH-lipoic acid oxidation-reduc- 
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tion is the same as the Straub diaphorase. However, the enzyme 
isolated according to Straub’s original procedure does not have 
the property of reacting with lipoic acid as electron acceptor. 
Although this property is indeed found in crude preparations of 
the Straub enzyme, it is completely absent in preparations of the 
highest purity level, and this applies with equal force to the 
Mahler and de Bernard flavoprotein enzymes and to the lipo- 
flavoprotein. 


SUMMARY 


1. The isolation of lipoflavoprotein from beef heart muscle 
mitochondria is deseribed. Lipide accounts for 85 to 88 per cent 
of the dry weight of the enzyme. The flavin (flavin adenine 
dinucleotide) content of the flavoprotein is 13.6 mumoles per 
mg. of protein which corresponds to a minimal molecular weight 
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of 74,000 in terms of protein and 474,000 in terms of both protein 
and lipide. 

2. Both the Straub diaphorase and Mahler’s cytochrome c 
reductase appear to be derived from this lipoflavoprotein. 

3. A method of fractionating lipoproteins with organic solvents 
is described. 
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It has been shown (1, 2) that insulin in vitro increases the oxi- 
dation of glucose carbon to CO, by adipose tissue from normal 
and alloxan diabetic rats fed ad libitum. Increased glucose utili- 
zation is accompanied by an increased incorporation of glucose 
carbon into long chain fatty acid in each instance. Insulin in 
vitro does not increase fatty acid synthesis from other precursors 
of acetyl coenzyme A (pyruvate-2-C", acetate-1-C™) unless glu- 
cose is also present in the medium. It was concluded that the 
effect of insulin on fatty acid synthesis in adipose tissue is de- 
pendent upon its primary influence on glucose metabolism (1). 

Both the Embden-Meyerhof and phosphogluconate oxidative 
pathways are operative in the epididymal fat pad of the rat (2, 3). 
CO, production from glucose via the phosphogluconate oxidative 
pathway is stimulated by the addition of insulin in vitro (2). 
However, calculations based upon the incorporation of carbon 
atoms 1 and 6 of glucose into long chain fatty acid indicate that 
insulin stimulates glucose utilization by both glycolytic and non- 
glycolytic pathways. The data did not permit the conclusion 
that glucose utilization by a specific pathway is essential for the 
synthesis of long chain fatty acid in rat adipose tissue (2). 

Subsequent experiments indicate that bovine growth hormone 
added in vitro in concentrations of 0.2 to 1.0 mg. per ml. stimu- 
lates COz production from glucose by adipose tissue from fed 
normal or alloxan diabetic rats. Despite the significant increase 
in glucose utilization which is observed, there is no increase in 
fatty acid synthesis under these conditions. Further work which 
forms the basis of this report indicates that bovine growth hor- 
mone added in vitro stimulates glucose metabolism in the rat adi- 
pose tissue by a pathway which provides for the more rapid ap- 
pearance of carbon 6 in CO, than carbon 1. Whether this effect 
in vitro proves to be of physiological significance remains to be 
established; however, the data suggest that only certain specific 
pathways of glucose metabolism lead to an increase in long chain 
fatty acid synthesis in adipose tissue. Moreover, the effect of 
growth hormone on the epididymal fat pad can be clearly dis- 
tinguished from that of insulin by the different pathways of glu- 
cose metabolism which are stimulated in each instance, and by 
the difference of their effect on long chain fatty acid synthesis. 


* The work reported in this paper was supported in part by 
grants from the National Institute of Arthritis and Metabolic 
Diseases (Grant No. A-357(C10)), National Institutes of Health, 
United States Public Health Service, and the Insulin Grants Com- 
mittee of the Lilly Research Laboratories. 
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EXPERIMENTAL 


Uniformly labeled glucose-C™ was obtained from the Nuclear- 
Chicago Corporation. Glucose-1-C", glucose-6-C™, and glucose- 
1 ,6-C™ were obtained from Volk Radiochemical Company, Chi- 
cago. Glucagon-free insulin was provided by the Lilly Research 
Laboratories through the courtesy of Dr. W. R. Kirtley. Bovine 
growth hormone prepared by Dr. Wilhelmi was kindly supplied 
by the Endocrine Study Section of the National Institutes of 
Health, as was ovine prolactin prepared by the Armour Labora- 
tories. 

Male albino rats of the Wistar strain weighing 125 to 150 gm. 
were fed ad libitum on Purina rat pellets. Alloxan diabetic rats 
were prepared by intraperitoneal injection of 50 mg. of alloxan 
monohydrate per kilogram of body weight. Only those rats 
which had a random blood sugar of 350 mg. per 100 ml. or more 
2 weeks after alloxanization were used. The animals were killed 
by decapitation and the epididymal fat pads removed as previ- 
ously described (1) except that the pads were placed directly into 
the incubation vessels without prior weighing. At no time were 
the pads exposed to chilled buffer. In each instance one of each 
pair of epididymal fat pads was used as a control. The vessels 
containing the appropriate medium were placed in a Dubnoff 
metabolic incubator set at 37°, and 80 cycles per minute, and ex- 
posed to the proper gas phase before the animals were killed. 
After the epididymal fat pads had been placed in the vessels, ex- 
posure to the gas phase (5 per cent CO,-95 per cent oxygen or 
100 per cent oxygen) was continued for an additional 5 minutes. 
The vessels were then tightly stoppered and incubated for the 
desired period. The adipose tissue was incubated in 3 ml. of 
Krebs-Ringer bicarbonate buffer (pH 7.4) in an atmosphere of 
5 per cent CO.-95 per cent oxygen or in the same amount of 
Krebs-Ringer phosphate buffer (pH 7.4) with 100 per cent oxy- 
gen used as the initial gas phase. Glucose was present at an 
initial concentration of 20 uwmoles per ml. of medium. Insulin 
was added in a concentration of 0.1 unit per ml. Bovine growth 
hormone was added in concentrations of 0.2 to 1.0 mg. per ml. 

In the initial experiments the adipose tissue was incubated in 
125-ml. Erlenmeyer flasks especially fitted as previously de- 
scribed (1). In most of these experiments incubation was carried 
out in Stanley-Tracewell vessels (4) obtained from Microchemical 
Specialties, Berkeley, California. These vessels consist of a coni- 
cal shaped Warburg vessel with one side sac and vent but no 
center well; in addition, each vessel is equipped with two hollow 
plug stopcocks in which alkali can be placed for CO; absorption. 
The total volume of the vessel and plugs is approximately 20 ml. 
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The hollow plugs are removable and can be rotated so that there 
is free connection or separation between the interior of the plug 
and that of the incubation vessel. When the Stanley-Tracewell 
vessels were used each of the two hollow plug stopcocks contained 
0.3 ml. of 4 nN NaOH. The stopcock was rotated so that its 
contents were sealed off from the incubation chamber. At the 
end of the experiment 0.5 ml. of 4 N H.SO, which had previously 
been placed in the side sac was tipped into the incubation cham- 
ber. The vessel was then replaced in the Dubnoff shaker and 
the hollow stopcocks rotated 180° to permit free communication 
between their interiors and that of the incubation chamber. 

Control experiments with Krebs-Ringer bicarbonate buffer 
showed that all of the CO, liberated from the medium was ab- 
sorbed by the alkali in 10 minutes. As a precaution, however, 
the vessels were shaken at 37° for 20 minutes. The alkali was 
then transferred quantitatively to a stoppered tube and made up 
to an appropriate volume with CO-free water, and an aliquot 
was plated in a planchet containing a circle of thin lens paper. 
The plate was rapidly dried and weighed, and isotopic analysis 
was carried out in a windowless flow counter. Self-absorption 
corrections were applied. The results obtained were in agree- 
ment with those obtained when the initial method of estimating 
total CO, production was employed (1). In experiments in 
which the hourly production of CO2 was determined over a 4-hour 
period the incubations were carried out in a Krebs-Ringer phos- 
phate medium containing the appropriate substrate, with the use 
of 100 per cent oxygen as the initial gas phase. During the in- 
cubation one of the two hollow stopcocks containing alkali was 
opened to the incubation chamber each hour. At the end of 1 
hour this stopcock was rotated to the closed position and the 
other opened. A dummy vessel with interchangeable hollow 
stopcocks containing alkali was set up, and at the end of the 2nd 
hour the vessel was rapidly removed from the bath and its stop- 
cocks exchanged for fresh ones in the dummy vessel. The vessels 
were then replaced in the Dubnoff apparatus and the incubation 
continued. This whole procedure can be carried out in less than 
45 seconds with practice. The hourly collections of CO, trapped 
as sodium carbonate were then treated in the manner described 
above for total CO, production in these vessels. 

The nitrogen content of the fat pads was determined by a 
micro-Kjeldahl procedure. Epididymal fat pads which were in- 
cubated in the presence of growth hormone or other added pro- 
teins were washed thoroughly and blotted on filter paper before 
digestion to minimize errors in tissue nitrogen determination 
attributable to adsorbed protein. In control experiments it was 
demonstrated that over 80 per cent of the added growth hor- 
mone nitrogen could be recovered from the medium and wash 
fluid at the end of the experiment. In view of protein loss due 
to adherence to glassware or adsorption by filter paper, the maxi- 
mal error in tissue nitrogen determination is probably less than 
the 0.1 mg. estimated from these control experiments. The use 
of tissue nitrogen as the standard of reference was considered 
more reliable than wet weight, although the tissue nitrogen of 
pads incubated in the presence of high concentrations of protein 
hormones is probably too high by a maximum of 20 per cent. It 
should be noted that in the experiments to be reported the effect 
of this error is to minimize the magnitude of the effects observed. 
It should also be noted that this error is certainly less serious in 
experiments in which protein hormones have been added to the 
medium of both pads which are compared. 

Long chain fatty acids were determined by the method previ- 


Winegrad, Shaw, Lukens, Stadie, and Renold 


1923 


ously described (1) with the following modifications. Sodium 
ethylate (2.5 gm. of sodium per 100 ml. of ethyl alcohol) was 
used as a saponifying agent. In addition, the ether extract con- 
taining the isolated long chain fatty acids, obtained by extracting 
the acidified saponification mixture after the removal of the 
lipide-soluble nonsaponifiable material, was first washed three 
times with a 1 per cent aqueous solution of the nonisotopic sub- 
strate and then with distilled water. This step was introduced 
in order to further minimize contamination of the isolated fatty 
acid with labeled substrate. The determination of total petro- 
leum ether-extractable material, substrate specific activity, and 
calculations were as previously described (1). 


RESULTS 


The data in Table I show that bovine growth hormone in vitro 
increased the production of CO, from glucose by adipose tissue 
from fed rats. An increased incorporation of glucose carbon into 
total petroleum ether-extractable material was also observed. 
However, this increased glucose utilization is not accompanied 
by an increased incorporation of glucose carbon into long chain 
fatty acid (Table II). It has been shown that when epididymal 
fat pads are incubated with uniformly labeled glucose-C™ in the 
presence or absence of added insulin the incorporation of glucose 
carbon into the total petroleum ether-extractable material paral- 
lels the incorporation into long chain fatty acid, and no large 
amounts of ether-soluble material other than long chain fatty 
acid appear to be synthesized (2). These effects in vitro of bovine 
growth hormone on the metabolism of glucose by rat adipose 
tissue have been observed with concentrations of 0.2 mg. to 1.0 
mg. perml, 

Neither albumin (Fraction V from bovine plasma) nor adreno- 
corticotropin (Armour commercial preparations) had a consistent 
effect either on CO, production from glucose or on the incorpora- 
tion of glucose carbon into long chain fatty acid when added in 
vitro in a final concentration of 1.0 mg. per ml. (see Table III). 

Ovine prolactin in vitro increased CO, production from uni- 


TABLE I 


Effects of growth hormone added in vitro on metabolism of uniformly 
labeled glucose-C'* by rat adipose tissue* 


Incorporation of glucose carbon 

_ Oxidation of — carbon to into total petroleum ether extract- 


| ! able material 
Animal No. ! 
Growth | ,Growth Growth Growth 
1 | 5.10 | 11.50 | +6.40| 5.23 | 12.60 | +7.37 
2 | 2.65 | 4.48 | +1.83| 1.84 | 3.53 | +1.69 
3 1.97 4.19 | +2.22| 1.76 3.77 | +2.01 
4 2.15 3.25 | +1.10' 1.10 | 3.64 | +2.54 
5 2.36 3.23 | +0.87 1.42 2.65 | +1.23 
6 1.86 3.00 | +1.14!| 1.43 3.09 | +1.66 
7 | 2.74 4.41 | +1.67| 1.62 3.79 | +2.17 
| 
| | 
Mean 2.69 4.87 | +2.18| 2.06 4.72 | +2.67 
s.e. | +0.73 +0.80 


* All values are expressed as umoles of glucose carbon per mg. 
of tissue nitrogen. Incubation carried out for 3 hours in Krebs 
bicarbonate buffer containing 20 mmoles per |. of uniformly la- 
beled glucose-C'*. Growth hormone concentration, when present, 
0.2 mg. per ml. 
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TABLE II 


Effects of growth hormone added in vitro on metabolism of 
uniformly labeled glucose-C'* by rat adipose tissue* 


Oxidation of glucose carbon to | Incorporation of glucose carbon 
CO: into fatty acids 
Animal No. 
Control hormone Control hormone 
1 0.81 2.59 +1.78 
2 1.11 2.58 +1.47 
3 0.94 | 1.71 | +0.77 | 
4 3.19 6.43 +3.24 | 
5 2.92 5.95 +3.03 
6 1.58 4.83 +3.25 
7 1.77 4.29 +2.52 
8 1.37 4.49 +3.12 
2.65 5.63 +2.98 
10 3.11 10.60 | +7.51 
11 1.64 4.57 +2.93 
12 3.20 | 6.50 +3.30_ 1.60 | 0.29 | —1.31 
13 1.81 | 3.47 | +1.66 0.54 | 0.34 | —0.20 
14 1.37 | 4.21 | +2.84 0.60 | 0.63 | +0.03 
15 1.50 6.79 +5.29 0.45 0.39 — 0.06 
16 0.76 1.75 | +0.99 0.62 | 0.21 | —0.41 
17 2.80 3.15 +0.35 0.69 0.15 —0.54 
Mean 1.91 4.68 +2.77 0.75 0.33 —0.42 
8.e. +0.42 | +0.20 


* All values expressed as ymoles of glucose carbon per mg. of 
tissue nitrogen. Incubation carried out for 3 hours in Krebs 
bicarbonate buffer containing 20 mmoles per |. of uniformly la- 
beled glucose-C'*. Growth hormone concentration, when pres- 
ent, 1.0 mg. per ml. 


formly labeled glucose-C™ by rat adipose tissue, but this increased 
glucose utilization was accompanied by a significant increase in 
the synthesis of long chain fatty acid (see Table IID). 

It would thus appear that the effect in vitro of bovine growth 
hormone on the glucose metabolism of the rat epididymal fat 
pad can be clearly distinguished from a nonspecific protein effect 
and from the effects of other anterior pituitary fractions. 

In adipose tissue taken from alloxan diabetic rats bovine 
growth hormone in vitro increased the production of CO, from 
glucose but did not correct the effect in fatty acid synthesis as 
shown in Table IV. Insulin in vitro is known to stimulate both 
CO, production and fatty acid synthesis from glucose by adipose 
tissue from alloxan diabetic rats (1). Thus, although glucose 
utilization in the adipose tissue of alloxan diabetic rats can be 
increased by either insulin or bovine growth hormone in vitro, 
only insulin will correct the defect in fatty acid synthesis. 

When insulin (0.1 unit per ml.) was added in vitro to one of a 
pair of epididymal fat pads, both pads being incubated with 
bovine growth hormone (1.0 mg. per ml.), an additional increase 
in CO, production from uniformly labeled glucose-C™ resulted. 
Moreover, as seen in Table V, fatty acid synthesis from glucose 
in the pad incubated in the presence of both insulin and growth 
hormone greatly exceeds that in the control pad incubated in the 
presence of growth hormone alone. 

Further studies were designed to distinguish the effects of in- 
sulin and bovine growth hormone when added in vitro to this 
preparation. Previously it was shown in studies of the metabo- 
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lism of glucose-1-C' and glucose-6-C™ by paired epididymal fat 
pads from fed rats that under control conditions more carbon 1 
of glucose is isolated in CO, at the end of 3 hours than carbon 6 
(approximately 0.92 umole of carbon 1 per mg. of N per 3 hours 
as compared with 0.24 umole of carbon 6) (2). The addition of 
insulin in vitro produced a marked increase of CO. production 
from carbon 1 (6.36 wmoles carbon 1 per mg. of N per 3 hours) 
but had little effect on the oxidation of carbon 6 (0.33 umole of 
carbon 6 per mg. of N per 3 hours) (2). In rat adipose tissue the 
addition of insulin appears to stimulate the oxidation of glucose 
to COz by way of the phosphogluconate oxidative pathway, al- 
though data based upon the incorporation of glucose carbon 


TaBLeE III 


Effects of other proteins added in vitro on metabolism of 
uniformly labeled glucose-C'* by rat adipose tissue* 


Incorporation of glucose carbon 


| Oxidation of glucose carbon to 
into fatty acids 


2 


Animal No. 


Bovine serum albumin (1.0 mg. per ml.) 


| Control | Albumin Control | Albumin 
1 2.90 1.57 | —1.33 | 0.77 0.52  —0.25 
2 1.88 2.45 | +0.57 | 0.58 0.88  +0.30 
3 1.12 1.28  —0.16) 0.54 0.44 —0.10 
4 2.30 3.49 | +1.19 1.02 1.78  +0.76 
5 1.38 1.16 | —0.22) 0.20 0.26 | +0.06 
6 1.54 1.40 | —0.14, 0.66 0.27 | —0.39 
Mean 1.85 1.89 | —0.02 | 0.63 0.69 | +0.06 
+0.03 +0.17 
Adrenocorticotropin (1.0 mg. per ml.) 
Control | ACTHt | | Control | ACTH | 
1 0.60 4.33 | +3.73 | 0.09 0.00 | —0.09 
2 0.59 0.60 | +0.01 
3 0.82 0.96 | +0.14! 0.22 0.10  —0.12 
4 1.66 1.95 | +0.29 | 0.22 0.00 | —0.22 
5 1.58 2.35 | +0.77 0.19 0.00 | —0.19 
6 2.44 4.43 | +1.99 | 0.30 0.81  +0.51 
Mean 1.28 2.44 +1.16) 0.20 0.18 | —0.02 
$.e. | +0.60 +0.14 
Ovine prolactin (1.0 mg. per ml.) 
| Control | Prolactin P a Control | Prolactin | P Efe” 
1 1.14 6.49 | +5.35 | 0.36 2.26 | +1.90 
2 1.66 6.95 | +5.29 | 0.41 4.45 | +4.04 
3 1.93 8.78 _+6.85 | 0.24 2.01 | +1.77 
4 0.98 2.74 | +1.76, 0.00 0.29 | +0.29 
5 1.26 7.09 | +5.83 | 0.77 4.29 | +3.52 
6 1.47 3.83 | +2.36 | 0.60 2.10 | +1.50 
Mean 1.41 5.98  +4.57 | 0.40 2.57 | +2.17 
s.e. +0.84 +0.56 


* All values expressed as wmoles of glucose carbon per mg. of 


tissue nitrogen. Incubation carried out for 3 hours in Krebs 


bicarbonate buffer containing 20 mmoles per |. of glucose. 
t Adrenocorticotropin. 
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atoms 1 and 6 into long chain fatty acid indicate that insulin 
stimulates glucose utilization by both glycolytic and nonglyco- 
lytic pathways. 

Bovine growth hormone in vitro stimulated increased CO, pro- 
duction from both carbon 1 and carbon 6 of glucose in rat adipose 
tissue. 
ried on for 3 hours, the mean increase in CO: production from 


carbon 6 is 3 times the mean increase in CO, production from 
When one pad of a pair is incubated in glucose-1-C™ 


carbon 1, 


TABLE IV 


Effects of growth hormone added in vitro on metabolism of uniformly 
labeled glucose-C'4 by adipose tissue from alloxan diabetic rats* 


Oxidation of glucose carbon | Incorporation of glucose carbon 
to COz | into fatty acids 
Animal No. | 
Control hormone | Control hormone 
0.87 | 1.35 | +0.43_ | 
2 0.45 | 1.10  +0.65_ | 
3 1.01 | 5.39 | +4.38— | 
4 0.99 3.67 +2.68 © 
5 0.76 | 2.09 | +1.33 0.00 0.00 | 0.00 
6 0.79 2.05 | +1.26 0.00 0.00 0.00 
7 0.96 4.61 +3.65 0.00 0.00 0.00 
8 0.64 1.32 +0.68 0.00 0.00 0.00 
9 0.50 1.43 +0.93 0.00 0.00 0.00 
Mean 0.77 2.56 | +1.78 0.00 0.00 0.00 
+0.48 


* All values expressed as ymoles of glucose carbon per mg. of 
tissue nitrogen. Incubation carried out for 3 hours in Krebs 
bicarbonate buffer containing 20 mmoles of glucose perl. Growth 
hormone concentration, when present, 1.0 mg. per ml. 


TABLE V 
Effects of insulin and bovine growth hormone added in vitro on 
metabolism of uniformly labeled glucose-C"* by 
adipose tissue from fed rats* 


Oxidation of glucose carbon Incorporation of glucose carbon 
to CO: into fatty acids 
Animal No. + Growth + 
insulin insulin 
1 4.28 23.84 +19.56 0.10 1.99 +1.89 
2 4.32 25.49 | +21.17 0.22 5.51 +5.29 
3 4.50 | 18.34 | +13.84 
4 1.88 23.60 | +21.72) 0.00 | 10.08 |+10.08 
5 1.47 15.95 | +14.48 0.00 9.80 | +9.80 
6 3.10 16.00 +12.90 0.92 9.32 +8.40 
7 2.94 22.24 | +19.30 0.25 4.16 +3.91 
8 2.65 18.56 | +15.91 0.38 1.83 +1.45 
Mean 3.14 20.50 | +17.36 0.27 6.10 +5.83 
+1.23 +1.36 


* All values expressed as umoles of glucose carbon per mg. of 
tissue nitrogen. Incubation carried out for 3 hours in Krebs 


bicarbonate buffer containing 20 mmoles of glucose perl]. Growth 
hormone present in concentration of 1.0 mg. per ml. 
centration, when present, 0.1 unit per ml. 


Insulin con- 


As shown in Table VI when these incubations were car- 
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TaBLe VI 


Effects of growth hormone added in vitro on metabolism of 
glucose-1-C'* or glucose-6-C'* by rat adipose tissue* 


Oxidation of carbon 1 to CO: Oxidation of carbon 6 to CO: 
Animal No. | | | 

i G h Growth G th Growth 

Control | h | | Control | 

l 0.72 | 1.12 | +0.40! 0.17 | 0.79 | +0.62 

2 0.84 1.16 +0.32| 0.17 | 0.87 | +0.70 

3 0.56 1.08 +0.52) 0.17 | 0.70 | +0.53 

4 0.37 | 0.59 | +0.22| 0.16 | 1.50 | 41.34 

5 0.42 | 0.74 | +0.32/ 0.15 | 1.23 | +1.08 

6 1.19 | 1.40 | +0.21 | 0.18 | 1.74 | +1.56 
Mean 0.68 1.02 | +0.33| 0.17 | 1.14 | 40.97 
S.e. | 0.05 +0.17 


* All values expressed as uwmoles of glucose carbon 1 or 6 per 
mg. of tissue nitrogen. Incubation carried out for 3 hours in 
Krebs bicarbonate buffer containing 20 mmoles of glucose per I. 
Growth hormone concentration, when present, 1.0 mg. per ml. 


TaBLe VII 


Effects of growth hormone added in vitro upon metabolism of 
glucose-1-C'* and glucose-6-C'* by rat adipose tissue* 


Incorporation into 
Animal No. material 
Carbon 1 | Carbon 6) Carbon 1 | Carbon 6 Carbon 1 | Carbon 6 

1 0.78 0.71 0.94 0.84 0.29 0.24 

2 0.68 0.53 0.74 0.75 0.22 0.46 

3 0.91 0.52 1.05 1.27 0.19 0.57 

4 1.41 1.40 1.51 1.74 0.23 0.97 

5 0.94 1.25 1.05 1.24 0.21 0.31 

6 1.28 1.21 1.62 1.33 0.22 0.35 
Mean 1.00 0.94 1.15 1.20 0.23 0.48 
8.e. +0.11 +0.15 +0.13 +0.14 +0.02 |+0.11 


* All values expressed as ymoles of glucose carbon 1 or carbon 6 
per mg. of tissue nitrogen. Incubation carried out for 3 hours in 
Krebs bicarbonate buffer containing 20 mmoles per |. of glucose. 
Growth hormone present in all vessels in a concentration of 1.0 
mg. per ml. Tissues paired so as to compare the metabolism of 
carbon 1 and carbon 6 in tissue from the same animal. 


and the other in glucose-6-C™, bovine growth hormone in vitro 
produces a marked alteration in the relative proportions of car- 
bon atoms 1 and 6 appearing in CO: at the end of a 3-hour in- 
cubation whether compared with controls to which no insulin 
has been added (2) or with paired pads to which insulin has been 
added in vitro (2). As shown in Table VII roughly equal quan- 
tities of carbons 1 and 6 appear in COz when CO, production from 
glucose is stimulated by growth hormone. It is interesting to 
note that not only is there no increase in the incorporation of 
glucose carbon into long chain fatty acid under these circum- 
stances, neither is there alteration in the proportion of carbons 1 
and 6 isolated in fatty acid at the end of the experiment. Equal 
quantities of carbon 1 and carbon 6 are incorporated into the 
total petroleum ether-extractable material. 


| 
fat | 
! 
of 
on | | 
Ss) 
of | 
he | 
se 
al- | | 
| 
| 
| 
| 
6 | 
| | 
7 i 
| 
2 
- | | 
| 
| 
| 
| 
Y 
| 
| 
| 
| | 
| : 


1926 


TaBLeE VIII 


Effects of growth hormone in vitro on metabolism of glucose-1-C", 
glucose-6-C'4, and glucose-1,6-C'* by rat adipose tissue* 


Animal No. Oxidation to CO:z Per cent gach: og 6 arbon 

Carbon 1 Derived from carbon 1 

1 0.64 1.58 40.5 

2 0.39 1.07 36.4 

3 0.34 1.28 26.6 

4 0.60 1.36 44.1 

5 0.65 1.26 51.6 

6 0.38 1.40 27.1 

Mean 0.50 1.33 37.7 

$.e. +4.0 
Carbon 6 Derived from carbon 6 

1 0.48 0.95 50.5 

2 0.76 1.05 72.4 

3 0.52 0.91 57.2 

4 0.32 0.83 39.0 

5 0.59 1.33 44.0 

Mean 0.53 1.01 52.6 

8.e. +5.8 


* Tissues paired so as to compare the metabolism of carbon 1 or 
carbon 6 with carbon 1 plus carbon 6 in tissue from the same ani- 
mal. All values expressed as ymoles of glucose carbon 1, carbon 
6, or carbon 1 plus carbon 6 per mg. of tissue nitrogen. Incuba- 
tion carried out for 3 hours in Krebs bicarbonate buffer contain- 
ing 20 mmoles per |. of glucose. Growth hormone concentration, 
1.0 mg. per ml. in all vessels. 


In Table VIII are summarized experiments in which one mem- 
ber of a pair of epididymal fat pads was incubated in either glu- 
cose-1-C™ or glucose-6-C™ and the other member of the pair in 
glucose-1 ,6-C™, in the presence of growth hormone. The table 
shows that carbon 1 of glucose accounted for 37.7 + 4.0 per cent 
of the total CO2 produced from both carbons 1 and 6, and that 
carbon 6 accounted for 52.6 + 5.8 per cent during a 3-hour in- 
cubation. The difference was not significant, and these results 
were in accord with the observation that at the end of a 3-hour 
incubation the COz produced by rat adipose tissue incubated in 
glucose contains essentially equal quantities of carbons 1 and 6 
in the presence of growth hormone. 

The data did not exclude the possibility that growth hormone 
selectively stimulated increased CO, production from carbon 6 
of glucose. The effect of bovine growth hormone in vitro on CO, 
production from glucose by rat adipose tissue could also be 
demonstrated when the incubations were carried out in a Krebs- 
phosphate buffer as well as in a Krebs-bicarbonate buffer. By 
the use of Stanley-Tracewell vessels (4) with replaceable hollow 
stopcocks for the absorption of CO:, it was possible to make 
hourly measurements of the production of CO: from carbons 1 
and 6 of glucose over a 4-hour period. This method permitted 
repeated comparisons of CO: production by the members of a 
single pair of epididymal fat pads and thus minimized errors due 
to variations in base-line activity from animal to animal. 

The experiments listed in Table IX show that when rat adipose 
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tissue was incubated without added hormone, the production of 
CO, from carbon 1 of glucose tended to exceed the production 
from carbon 6 throughout the 4-hour incubation. 

Pads were incubated without added hormone for 1 hour in 
order to obtain control values for the relative rates of CO, pro- 
duction from carbons 1 and 6 of glucose. Insulin (0.1 unit per 
ml., final concentration) was then added, and as shown in Table 
IX, there was a marked increase in CO. production from carbon 1 


TaBLe IX 


Effects of insulin or growth hormone in vitro on COz production 
from carbon 1 and carbon 6 of glucose by rat adipose tissue* 


| Oxidation of glucose carbon to CO2 
Hour 1 | Hour 2 | Hour 3 | Hour 4 
No added hormone 

1 1 056 .072 | .080 | .066 
6 049s. 042 040 048 
2 1 043 | ~.033 | 
6 020 .012 | .025 | .012 
3 l 104 080 
6 001.024 034 035 
4 1 049 074 108 174 
6 021 121 080 092 


Insulin added in vitro to all flasks at end of Ist hour 


5 1 031 | .146 | .127 | .193 
6 006 .026 | .031 
6 1 044 | .277 | .394 | .271 
6 004.0389 
7 1 113 | .362 | .476 | .362 
6 024 | .051 | .075 
8 1 044 | .134 | .169 | .112 
6 O47 | .049 | 
9 026 | .137 | .119 | .142 
6 040 | .070 | .055 | .076 
10 1 007 | .144 | .221 | .225 
6 035 | | 


Growth hormone added in vitro 


11 1 | 065 | .046 | .086 | .076 
| .0384 | .069 154 
12 1 056 | .064 | .059 | .095 
6 000 | .000 | .116 | .155 
13 1 040 | .047 | .105 | .110 
6 034 | .103 | .194 .256 
14 1 062 | .042 | .049 | 
6 012 | .0384 | .081 | .099 
15 1 022 | .043  .068 | 080 
6 026 | .078 | .187 | .206 
16 1 028 | .051 
6 029.0900 145.174 


* All values expressed as ymoles of glucose carbon 1 or carbon 6 
per mg. of tissue nitrogen per hour. Incubation carried out in 
Krebs-Ringer phosphate buffer, pH 7.4. Concentration of glu- 
cose-1-C'* or glucose-6-C!* was 20 mmoles per 1. Insulin concen- 
tration, when present, 0.1 unit per ml. Growth hormone concen- 
tration, when present, 1.0 mg. per ml. Tissues paired so as to 
compare the metabolism of carbon 1 and carbon 6 in tissue from 
the same animal. 
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and a much less striking effect on the oxidation of carbon 6. The 
decrease observed during the 4th hour may be due to the decline 
in the rate of CO, production and fatty acid synthesis from glu- 
cose observed during the 4th, 5th and 6th hours of incubation (1). 

At the end of a 1-hour control period bovine growth hormone 
was added to a pair of epididymal fat pads incubated in differen- 
tially labeled glucose (Table IX); within 2 hours there was a 
marked increase in the rate of CO, production from carbon 6 
relative to carbon 1. These data indicate that bovine growth 
hormone stimulated CO, production from glucose in adipose tis- 
sue in a manner which results in the more rapid oxidation of 
carbon 6 than of carbon 1. The equal quantities of carbon 1 and 
carbon 6 isolated in CO, during a 3-hour incubation with growth 
hormone appeared to result from a summation effect. These ex- 
periments suggest that the uronic acid pathway (5) is operative 
in rat adipose tissue when stimulated by growth hormone in 
vitro. An alternative explanation, considered less likely, is that 
growth hormone in vitro stimulates glucose utilization in adipose 
tissue primarily via the Embden-Meyerhof pathway and that 
the more rapid appearance of carbon 6 in CO; than of carbon 1 
results from the incomplete equilibration of the trioses derived 
from glucose. 


DISCUSSION 


The utilization of glucose by adipose tissue from normal or 
alloxan diabetic rats both fed ad libitum can be increased by 
either insulin or bovine growth hormone in vitro. However, the 
effects of growth hormone can be clearly distinguished from those 
of insulin. In contrast to insulin, growth hormone does not 
stimulate the synthesis of long chain fatty acid from glucose by 
adipose tissue from fed rats, nor does it correct the defect in fatty 
acid synthesis in adipose tissue from alloxan diabetic rats. More- 
over when insulin is added to adipose tissue, the production of 
CO, from glucose by way of the phosphogluconate oxidative path- 
way is stimulated (2), whereas bovine growth hormone added to 
this tissue appears to stimulate CO: production by other path- 
ways. 

The effect in vitro of bovine growth hormone on the glucose 
uptake of the isolated rat diaphragm has been attributed to the 
“activation” of insulin bound to the surface of the tissue (6) or 
to an effect of this protein hormone on the rate of degradation of 
bound insulin (7). Clearly these hypotheses cannot be extended 
to explain the action of bovine growth hormone in vitro on the 
glucose metabolism of rat adipose tissue, for the effects of growth 
hormone cannot be reproduced by insulin in this system. 

Any interpretation of the effects of bovine growth hormone on 
the tissues of the rat must be influenced by a recognition of the 
marked species specificity exhibited by mammalian growth hor- 
mone preparations (8,9). However, it has been well established 
that bovine growth hormone is effective in vivo in stimulating the 
growth of normal or hypophysectomized rats (10). Species spec- 
ificity might in part explain the high concentrations of bovine 
growth hormone (0.2 to 1.0 mg. per ml.) required to demonstrate 
this effect in vitro. 

At least two and perhaps three pathways for the metabolism of 
Although meth- 


ods for the quantitation of the relative proportion of the total 
glucose utilized which traverses an individual pathway are inade- 
quate, certain patterns can be discerned and gross changes docu- 
mented. Both insulin and bovine growth hormone in vitro stimu- 
late glucose utilization by rat adipose tissue, and in each instance 
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the increased glucose metabolism with regard to CO: production 
is channeled in a characteristic manner through the enzymatic 
pathways which are present. An influence on the rate of penetra- 
tion of free glucose into the interior of the adipose tissue cell or on 
the rate of glucose phosphorylation would in itself be insufficient to 
explain the ability of these protein hormones to determine the specific 
pathways which appear to be operative in each instance. 

The effect of insulin on the synthesis of long chain fatty acid 
from glucose or other precursors of acetyl-CoA has been shown 
to be secondary to its influence on glucose metabolism (1). The 
data support the view that the influence of insulin on lipogenesis 
is related to glucose utilization through certain specific pathways. 
Hormonal regulation of the synthetic activity of adipose tissue 
might be achieved not only by control of glucose uptake but also 
by alterations in the specific pathways of glucose metabolism op- 
erative at any given time. 


SUMMARY 


The effects of bovine growth hormone in vitro on the glucose 
metabolism of rat adipose tissue have been investigated with the 
use of paired epididymal fat pads. Bovine growth hormone in- 
creased the oxidation of glucose carbon to CO, but did not en- 
hance the incorporation of glucose carbon into long chain fatty 
acid by adipose tissue from normal fed rats. Bovine growth 
hormone in vitro increased the oxidation of glucose carbon to CO, 
by adipose tissue from alloxan diabetic rats but did not correct 
the defect in long chain fatty acid synthesis. When insulin was 
added in addition to growth hormone to adipose tissue from nor- 
mal fed rats, a further increase in CO, production from glucose 
resulted, and long chain fatty acid synthesis was also enhanced. 

Paired epididymal fat pads from normal fed rats were incu- 
bated with glucose-1-C" and glucose-6-C™“. Bovine growth hor- 
mone in vitro stimulated the oxidation of both carbon 1 and 
carbon 6. At the end of a 3-hour incubation period equal quan- 
tities of carbon 1 and carbon 6 were isolated in the CO, produced. 

When one of a pair of epididymal fat pads was incubated with 
either glucose-1-C™ or glucose-6-C™ and the other with glucose- 
1,6-C™ and the total CO, produced during a 3-hour incubation 
collected, carbon 6 accounted for approximately half of the CO, 
produced from both carbon | and carbon 6. 

Paired epididymal fat pads from normal fed rats were incu- 
bated with glucose-1-C™ and glucose-6-C™ in Stanley-Tracewell 
vessels to permit hourly collections of C“O, production. When 
no hormone was added the rate of CO, production from carbon 1 
tended to exceed that from carbon 6 throughout a 4-hour incuba- 
tion period. When insulin was added in vitro at the end of a 
l-hour control period CO, production from carbon 1 was mark- 
edly increased with respect to carbon 6. When bovine growth 
hormone was added in vitro at the end of a 1-hour control period, 
CO. production from carbon 6 was enhanced and exceeded that 
from carbon 1. The equal quantities of carbon 1 and carbon 6 
isolated in CO, during a 3-hour incubation with growth hormone 
appeared to result from a summation effect. Growth hormone 
in vitro stimulates glucose oxidation to CO: in adipose tissue in a 
manner which provides for the more rapid oxidation of carbon 6 
than of carbon 1. This observation suggests the presence in adi- 
pose tissue of the uronic acid pathway, but this cannot be con- 
sidered as established. Both insulin and bovine growth hormone 
in vitro increase glucose oxidation to CO; by rat adipose tissue but 
different metabolic pathways appear to be stimulated in each in- 
stance. 
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--- AMONG SOME 3/00 ORGANICS 


Acido orotico 

Around the turn of the century it was brought to the world’s 
attention that the inhabitants of certain Bulgarian villages were 
a) living to ripe old ages and b) consuming vast quantities of the 
ripe old fermentation products of the local dairying. Echoes of 
this coincidence have rumbled forth at intervals since. 

In the twenties a certain elderly biochemist who had seen 
much importance in the correlation was a celebrated figure of 
Paris. In the thirties American milk wagons were bedizened with 
signs advertising a certain brand of fermented milk. In the forties 
the word “yogurt” entered the vocabulary 


NH 
- > of the American intelligentsia. With the 
dawn of the fifties, the Journal of the Amer- 
A ican Chemical Society (72, 2312) reported 
| that certain strains of Lactobacillus bulgari- 
| cus throve when supplied with 6-carboxy- 
NH CH uracil, a substance first synthesized in 1897 


for academic exercise and later shown to be 
identical with orotic acid. This name was 
S derived from «gos, whey, by two Italians 
who had encountered the substance while 
making lactose from milk whey liquors. 

The flowering of biochemical sophistication in the mid-fifties 
has excited a deeper curiosity about orotic acid. To some it looks 
like a significant intermediate in the process by which living or- 
ganisms fabricate nucleotides for their DNA—the stuff of genes 
—out of the amino acids at their disposal. This is big talk. 

In Italy interest in acido orotico has been rekindled to a small- 
scale frenzy. At the University of Urbino last June a colloquium 
on pyrimidines (Acta Vitaminologica, 12, 195-328) devoted much 
of its attention to the compound. One man claimed his evidence 
showed that a dietary deficiency of orotic acid affects pregnancy, 
lactation, and growth in the rat, that it is a vitamin-like factor 
essential for the survival of the newborn. One senses the closing 
of a circle. 

If we had not been invited to quote on 100 kilos of Orotic Acid 
recently, we might not have looked up all this lore. We didn’t 
get the order, but in trying we made enough of it to stock as 
Eastman 7784 (along with 2-Thioorotic Acid, Eastman 7783) for 
the convenience of biochemical investigators. Anybody who 
wants to sell it from milk trucks is strictly on his own. 


Apology 

In Analytical Chemistry (30, 365) appeared a paper on 2,3-Quin- 
oxalinedithiol (Eastman 7317) as a colorimetric reagent for 
nickel. It appeared exactly one year after our advertisement in 
the same journal had announced availability of the compound 
with the remark, “Soon doubtless, somebody will publish a pro- 
cedure employing this as a more sensitive and/or more con- 
venient and/or more foolproof reagent for nickel.”’ To the 
authors who turned up to fulfill our prophecy we apologize for 
our hot breath on their necks. We can send an abstract of their 
procedure to all who ask. 
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The chelatometrist and the gas chromatographer 
should be our friends 


Though these lines were written on a chilly evening in April, they 
are very likely being read when it’s too hot for tedious rumina- 
tions on chelatometry and gas chromatography. All we want to 
do is hop on the bandwagon, both bandwagons. Between the 
writing and the reading, Hahnemann Medical College & Hos- 
pital honored Chelation on May 6, 7, and 8 by a capital ““C” and 
a symposium on “Metal-Binding in Medicine”; and many a 
laboratory which had no gas chromatograph in April had one 
by July. When these things pick up momentum, none dare stand 
in the way. 

And why should we fear either of these powerful new passions 
that stir chemists? 

What is a chelatometric indicator but a colorimetric reagent 
which will permit (Ethylenedinitrilo)tetraacetic Acid Disodium 
Salt (Eastman 6354, ““EDTA”’) to rob it of its metal ions under 
specified conditions? Are we not widely admired for the reliabil- 
ity of our colorimetric reagents? Have we not refrained from 
listing a colorimetric reagent as a chelatometric indicator with- 
out first finding a literature reference to such use? Do we not 
even proselyte for chelatometry by offering copies of a list of 


Eastman Chelatometric Indicators covering 


aluminum chromium lead platinum sodium _ titanium 


barium cobalt magnesium plutonium strontium uranium 
bismuth copper manganese potassium sulfur vanadium 
cadmium gallium = mercury rare earths thallium = yttrium 
calcium indium nickel scandium thorium zinc 
cerium iron palladium _ silver tin zirconium ? 


Of course we do. 

As for gas chromatography, should we be dismayed that 30¢-a- 
quart motor oil on ground firebrick can exhibit a differential 
in delay time for the components of a vapor mixture? That corn 
flakes or one of the popular four-letter household detergents can 
work? Can any serious chromatographer, mindful of the need 
for breadth of choice in stationary-phase liquids to fit instantly 
the largest variety of chromatographic occasions, doubt the wis- 
dom of at once ordering 

929 Benzyl Ether 

3035 2-(Benzyloxy)ethanol 

4738 Bis(2-ethoxyethyl) Ether 
P4739 Bis[2-(2-methoxyethoxy ethyl] Ether 
P6447 Di-n-decy! Phthalate 

1968 N,N-Diethylformamide 

5870 N,N-Dimethylformamide 

2627 n-Propy! Sulfone 

7311 Squalane 

5404 Tetra-iso-butylene 
P4770 Tri-iso-butylene 
T4420 Tritoly! Phosphate 
He can, but he shouldn't. A purchase order for $34.30 would 
fetch him the whole group, including enough of even the more 
expensive ones to treat a column of packing. 


Have it made out to Distillation Products Industries, Rochester 
3, N. Y. Whoever wants to fuss around with List No. 4/ looking 
up individual items among more than 3700 Eastman Organic 
Chemicals we offer or wants the chelatometric list or the Ni 
abstract should write to the same address. 


Eastman Organic Chemicals 


Also...vitamins A and E in bulk...distilled monoglycerides 


Distillation Products Industries iso division ot Eastman Kodak Company 
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Super-Speed 


REFRIGERATED 
CENTRIFUGE 


% Fully automatic rotor acceleration 
Push button Electro-Dynamic Braking 
(smooth stopping) 

Accommodation for new continuous 
flow system’ 

Automatic unbalance Electrical Safety 
trip 

Accommodates new 3 liter capacity 
rotor (10,000 X G) 

All Lourdes’ rotors directly inter- 
changeable 

Unsurpassed refrigeration efficiency * 
Electric tachometer and synchronous 
timer 

Complete safety controls 


Model LRA Shown set up for 
continuous flow operation 


_ (Cover normally closed) 


The model LRA is the first automatic refrigerated centrifuge of 
its kind. Like the non-automatic Model LR, it has the newest and 
most efficient refrigeration design ever introduced. By proper 
placement of cutouts, baffles and deflection plates, a smooth 
forced air circulation system is set up. The warm air coming off 
the rotor flows around large surface area cooling coils on the side 
and bottom of the chamber. Upon emergence in the cooled form, 
the air flows onto all portions of the rotor. This system permits 
the cooling of any Lourdes’ rotor from ambient to 0°C within ten 


minutes by spinning at slow speed. Rotor temperatures are easily Catalog in inclutes.. ies A 
maintained at 0°C and lower during full speed extended runs, ae re ie 5 
and as low as —15°C at lesser speeds or for shorter runs. E-° Refrigerated siidsitiges”” pe 4 


By merely throwing a toggle switch, a 1 Hp. motor automa- Shy Non-Refrigerated centrifuges — : 
any to a pre-set speed electro- Automatic Centrifuges 
amic push-button braking system provides for smooth rotor fs 
stopping in a fraction of unbraked stopping time. A time delay _° Non Automatic centrifuges ‘] 
relay releases the braking action at slow speed and permits the = © Continuous flow savin =: ‘i 
rotor to Stop naturally without disturbing the sediment. This same ~.@ Rotor. data oe 


centrifuge is now available with a % Hp. motor drive (Model 
LRA-1) to provide higher speed and force with the smaller rotors. 


Each centrifuge comes adapted to accommodate the new 
Lourdes’ continuous flow system at no additional cost. The con- 
tinuous flow rotors with polyethylene liners, in addition to ease of 
operation, assembly and disassembly, also offer fast flow rate, 
high speed and force and greater collection capacity than any 
comparable continuous flow centrifuge. New time saving ap- 
plications for these rotors are being discovered daily. 


Every Lourdes’ instrument is guaranteed for a period of one 
year and this guarantee insures: customer satisfaction. 


LARGEST MANUFACTURER OF SUPERSPEED CENTRIFUGES. ESTABLISHED 1944 
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FOR ADDITIONAL INFORMATION 


CHROMATOCAB 


with 
HIGH QUALITY FEATURES 


s Glass wool insulation 


Large capacity troughs 
a Full width drawer 
Formica lining 
Solvent refill holes 
Leveling feet 


The RSCo Model 125 combines all the 
functional features which for yeors 
hove characterized Chromotocabs® as 
the outstanding value in paper chromoa- 
tography. 


COMPARE the PRICE and ASK— 


Where else can you find in one cabinet the corrosion resistance of a Formica 
lining PLUS the insulation afforded by glass wool PLUS the convenience 
of a drawer for cleaning ond for set-up of ascending chromatograms? 


IN ADDITION — 


® REGISTERED TRADEMARK 


WRITE FOR 
BULLETIN A125 
OR CONTACT YOUR 
AUTHORIZED RSCO DEALER 


- An especially large triple-pane window lets you see the 
troughs when you are introducing solvent through refill holes 
in the lid. 


~ The flat top of the cabinet is Formica covered to give a 
durable working surface. 


PRICE, complete with 4 trough assemblies $300.00 
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Beckman / Spinco Model 120 
AMINO ACID ANALYZER 


ACIO AND NEUTRAL 

AMINO ACIDS 

‘ 2 
By providing automatic instrumentation for the eon 
Spackman-Stein-Moore technique of amino acid 
chromatography, the Model 120 Amino Acid Analyzer | ! 
has proved an invaluable aid to the protein chemist. 7 Siow: = 1 
Re < 
More than fifty Spinco Analyzers are now in service 4 TYROSINE. PHENYLALANINE 
in laboratories throughout the United States. 
Savings in time and labor have been so significant 
HYDROXYLYSIN 

that many of the instruments are operated seven days Seapine on et 
a week. One laboratory reports 180 complete 


..-another, 125 analyses in 135 days. ORNITHINE 


THREONINE 


24-hour analyses in the first 7 months of operation i son 
As with all Spinco instruments, installation, operator L 


training, and service are included at no extra cost. 
If your research involves quantitating amino acids LYSINE 
and related compounds, we would be happy to send Speers 
ou literature on the Model 120 Analyzer, and to ” LMETHY LMISTIOINE 
eep you up-to-date on our developments in : : 
ion-exchange chromatography. Write Spinco Division, ; 
Beckman Instruments, Inc., Palo Alto 20 California. : : evens arene 
; 
ANSERINE 
CYSTINE 
(on 4.25 BUFFER BREAK-THROUGH) ‘ 


ISOLEUCINE 


LEUCINE 


C 
Ref 
erence: DP. H. Spackman, W.H. Stein, and S. Moore, - 

“Automatic Recording Apparatus for use in the Chromatography : 
of Amino Acids”, Anal. Chem., 30, 1190-1206, 1958. : ‘ge hydrolysates: top run on 
E 150-em column at 50°C and 
- 190 PH 3.25 buffer, with change- 
over . PH 4. = buffer at 6 
. ours; lower run on 
Beckma n 15-cm column at 50°C and 
Spinco Division pH 5.28 buffer 
Beckman Instruments, Inc. Chart at right shows components in 
S-644 physiological fluids: 50-cm column at 30°C and pH 4.26 


buffer, with changeover to 50°C at 14 hours. 
Results are reproducible to better than 3 percent. 


SALES AND SERVICE FACILITIES ARE MAINTAINED BY BECKMAN/INTERNATIONAL DIVISION IN FIFTY COUNTRIES 
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W from Cover to Cover! 


THE MOST COMPREHENSIVE 
LABORATORY SUPPLY CATALOG 
EVER PUBLISHED! 


SEPARATE VOLUMES 
bound together for 

your convenience — 
separated by an 80- page 
index on colored paper 


Nw. for the first time, our entire line is covered by 
one comprehensive catalog instead of the two volumes 
formerly published. An 80-page index on colored 
paper separates the 1132-page “General’’ section 
(scientific apparatus, instruments, appliances and 
— =~ general laboratory glassware and supplies) from the 
Ff 356-page “Inter-Joint’’ section listing thousands of 
e<; our regular glassware items, plus numerous other 
© items originally fabricated to specification but now 
part of our regular stock. 

If your laboratory does not have this new catalog, 
write us on your company letterhead. 


ONG 


SALES OFFICES 


Albany 5 N Y 
Bloomfield N J 
Boston 16 Massy 
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Modern... Versatile... 
Economical! 


INTERNATIONAL'S 
ALL-NEW MODEL UV 
UNIVERSAL CENTRIFUGE 


This latest contribution to centrifuging 
progress combines in one moderately 
priced unit all the features most wanted 
by medical and industrial jaboratories. 


STREAMLINED DESIGN! Cabinetized construction 
adds ne al to traditional International 
“work horse’ rugs Unitized control panel 
simplifies operation. ce keeps 
accessories handy. 


WIDE-RANGE VERSATILITY! Swings more than 80 
different accessory combinations .. - at speeds up to 
5400 RPM. For example: 4 one-liter bottles, 150 serum 
tubes, 6-250 ml bottles, 16-50 mi tubes. 


MOST-WANTED FEATURES! Stainless steel 
guard bowl makes cleaning easy. Electric 
tachometer, timer and brake assure accuracy... 
improve performance. Powerful series-wound 
motor is international-made for extra reliability. 


GET ALL THE FACTS about this modern, 
versatile, economical centrifuge . . . the one 

model you can standardize on for general-purpose 
laboratory work. 


INTERNATIONAL EQUIPMENT CO 


1212 SOLDIERS FIELD ROAD « BOSTON 35, MASSACHUSETTS 


Please rush 
sh complete data on International's all-new MODEL UV Universal Centrif. 
uge 


and accessories. Sold and 
serviced th 
ati e world over by authorized International dealers. 


Institution 
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De You Need: 
Cellex Cellulose Ion 
Exchangers? 


(For fractionation of proteins, nucleic acids, and enzymes) 
ASK FOR PRICE LIST BCX 


32nd & GRIFFIN AVE. «© RICHMOND, CALIFORNIA 
Do You Need: 
Silicic Acid’? 
(Specially prepared for lipid chromatography) 
ASK FOR PRICE LIST BSA 


32nd & GRIFFIN AVE. « RICHMOND, CALIFORNIA 


Do You Yeed: 7 
Analytical Grade 
Ion Exchange Resins? 


(Prepared from Dowex Resins) 
ASK FOR PRICE LIST BM 


32nd & GRIFFIN AVE. « RICHMOND, CALIFORNIA 
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RADIOACTIVE and SAMPLES 
MEASURED 


WN 


-— a major improvement over conventional mechanisms. 
Automatically programs, counts and records 50 pre-coded 
samples. Accuracy far greater than manual counting 
techniques. 

Magazine loading saves time and eliminates intermixing. 
Each sample may be pre-coded to any one of four pro- 
grams: ‘“N” (normal operation), ““B” (background or 
weak sample count), ““R’’ (reject), or ““L’’ (return to load- 
ing position). 

Maximum count accuracy is assured by complete ‘47”’ 
shielding of the sample in the detector. 


For further information on Automatic Sample 
Changer and other systems, request B/A Catalog 


Baird -Atomic, inc. 

33 UNIVERSITY RD., CAMBRIDGE 38, MASS. 
Boston, Mass./Pittsburgh/Philadelphia/Los Angeles 
San Francisco/New York/ Washington, D. C. 

Dallas / Chicago/ Atlanta/ Detroit 
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Specify Sigma for high purity 


TPNH 


DIHYDRO TRIPHOSPHOPYRIDINE NUCLEOTIDE 
Type I—Chemically Reduced —$250 500 mg 
Type ll—Enzymatically Reduced—$95 100 mg 


DPNH 


DIHYDRO DIPHOSPHOPYRIDINE NUCLEOTIDE 
Enzymatically Reduced—$35 gram 


CYTOCHROME-C 


(Horse Heart) 


Type ll—60-75 % based upon Mol. Wgt. 12,270—$25 gram 
Type llI—90-100 % based upon Mol. Wgt. 12,270—$55 gram 
Delivered Anywhere by Airmail. 


If your budget is insufficient, remember the Sigma Cooperative Allowance 
which is available to any nonprofit institution that is unable to finance 


the full purchase price of our reagents. We are always glad to help. 


BE SURE YOU HAVE RECEIVED YOUR COPY OF 
OUR NEW APRIL 1959 CATALOG 


TELEPHONE COLLECT from anywhere in the world 


Day, Station to Station, PRospect 1-5750 
Night, Person to Person, Dan Broida, WY down 3-6418 PP 


The Research Laboratories of 


SIGMA 


CHEMICAL COMPANY 


3500 DEKALB ST., ST. LOUIS 18, MO., U. S.A. 
MANUFACTURERS OF THE FINEST BIOCHEMICALS AVAILABLE 
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these bulletins 
on the analytical use of 
radioisotopes are 


For more than 12 years, 
Nuclear-Chicago has been the 
foremost manufacturer of 
instruments for measuring anc 


recording radioactivity 


the analytical use of 


TO: Nuclear-Chicago Corporation 
267 West Erie Street, Chicago 10, Illinois 


Cj Send Technical Bulletins 1,2 &3 
C] Send future Bulletins regularly 


NAME 


nuclear - chicago ADDRESS 


247 WEST ERIE STREET CHICAGO 10 ILLINOIS 
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BLICKMAN 


SAFETY ENCLOSURES 


MICRO- 
BIOLOGICAL 
SAFETY 

CABINET 


with filter 
canister 


Stainless steel enclosures 
for handling hazardous substances 


Safety is the first consideration in this special- 
purpose equipment. These enclosures make it 
safer—and easier—for the technician to work 
with contaminants, micro-organisms, live 
viruses and radioactive substances. Stainless 
steel, crevice-free, with rounded corners, for 
easy and sure cleaning. Write for technical bul- 
letin A-6 and illustrated folder describing 22 
different enclosures. S. Blickman, Inc., 9707 
Gregory Avenue, Weehawken, New Jersey. 


BLICKMAN 
SAFETY ENCLOSURES 


Look for this symbol of quality 


@ For Biological, Medical, 
Radioisotope and Pharmaceutical 
Research in Safety Enclosures. 
Arm length only. Bellows or 
Bucket type with 8” opening. 
Write: S. Blickman, Inc. 

9707 Gregory Avenue, 
Weehawken, New Jersey. 


BLICKNAN 


SAFETY ENCLOSURES 


Look for this symbol of quality Blickman-Built 


D-penicillamine 

L-penicillamine 

DL-«-methyl serine 
C;P grade purity 


Certificate of assay accompanies each order 
Price list and literature upon request 


CONSOLIDATED LABORATORIES, INC. 
P. O. Box 234 
Chicago Heights, Illinois 


Koch & Hanke: 
PRACTICAL METHODS 
IN BIOCHEMISTRY— 
Sixth edition 


“This edition maintains the excellent quality ex- 
hibited by the earlier editions and has kept the informa- 
tion abreast of newer techniques by the addition of new 
experiments, including the paper chromatographic and 
ion exchange techniques for separation and identifica- 
tion of amino acids, studies in enzyme kinetics, mano- 
metric study of succinic dehydrogenase. ... In most of 
the experiments the principle is first presented, then a 
list of the reagents to be used and their concentrations, 
followed by the procedure ...clearly and succinctly 
presented. This is undoubtedly one of the best bio- 
chemical laboratory texts now available.”—J.A.M.A. 

By Freverick C. Kocn, Late Frank P. Hixon Distineutshed 
Service Professor Emeritus of Biochemistry, University of Chicago; 
and Martin E. Hanke, Associate Professor of Biochemistry, 
Universily of Chicago 


1953 ° 546 pp., 28 figs. ° $5.00 


wh we. wh 
THE WILLIAMS & WILKINS COMPANY 


Baltimore 2, Md. 
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A practical approach for 
the smal! laboratory. . . 


Gurr: METHODS OF ANALYTICAL 
HISTOLOGY AND HISTOCHEMISTRY 


‘*This book is concerned almost exclusively with the identification, by color reactions, 
of chemical groups and compounds, observable under the microscope, in the sites they 
occupy in both normal and pathological tissues, by methods that can be carried out without 
the use of costly and elaborate equipment beyond that which is normally on hand in the 
average biological laboratory. It is hoped that the book will prove to be of service to a 
wide variety of workers in histological, pathological and general laboratories. 

‘“*The methods described herein have been set out fully and as concisely as possible, so 
that they can be followed step by step at the laboratory bench without interruption for 
reference to other literature during the course of practical work.’’—From the Preface 


AND THEIR COMPONENT AMINO Acip Groups « Arginine Histidine 
Keratin and sulphur-containing amino acid groups + Tryptophane, tyrosine and histidine + 
Tryptophane Tyrosine Miscellaneous methods + Amino groups Connective tissue 
Elastin Hyaline Keratohyalin Keratohyalin and cleidin CarBoHyYDRATES * 
Polysaccharides + Special methods for glycogen « Polysaccharide sulphate esters and 
hyaluronic acid Mucin Mucopolysaccharides Mucoproteins Miscellaneous methods 
Amyloid + Ascorbic acid + Glucose and lactose + Liprps + Fatty acids + Special methods 
employing Sudan colors * Other methods for lipids in general ¢ Triglycerides and acidic 
lipids * Cholesterol + Choline-containing lipids in general « Lecithin, etc. * Phospholipids 
Nucveic Acips « Feulgen nuclear reaction « Feulgen-naphthoic acid hydrazide (FNAH) 
reaction Methyl green-pyronin Methyl green-toluidine blue PiGMents + Argentattin 
granules Bile pigments Carotene Hemoglobin Hemosiderin iron Lipofuscins 
Lipofuscins and melanins Hemofuscin, melanin and hemosiderin Enzymes Carbonic 
anhydrase Cholinesterases Esterase 3-Glucuronidase + Lipase 5-Nucleotidase 
Oxidases Peroxidases Phosphamidase Acid phosphatase Alkaline phosphatase 
Pyrophosphatases Succinic dehydrogenase Tyrosinase Zymohexase MiscELLANEOUS 
Metnops ror OrGanic Susstances Aldehydes Bile acids * Carbonyl compounds 
Acetal lipids + Carbohydrates, nucleic acids, proteins « Extraction methods « Fat 
peroxides Hormones Uric acid and urates INorGANic SusstaNces Aluminum, iron, 
etc. Arsenic Bismuth Calcium Chlorides * Copper Gold Iron (Ferric) + Iron 
(Ferrous) Lead Magnesium + Potassium Zinc SuNDry TecHNicAL METHODs 
Dehydrating and clearing Embedding Freezing-drying Frozen sections 


By Evwarp Gurr, F.R.1C.. M.1.Biol., F.R.M.S.. Michrome La'oratories, London 


1958 344pp. $13.00 
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CHEMICAL CHEMICAL 


REVIEWS 


REVIEWS 


Se Published for the 


RALPH L. SHRINER, Editor 


Contents of recent issues: 


Metal Complexing by Phosphates. — John R. Van Wazer and Clayton F. Callis 


The Polarographie Diffusion Current. Current-Time Relationship at the Drop- 
ping Mercury Flectrode. Joseph M. Markowitz and Philip J. Elving 


Reactions of Boron Trichloride with Organie Compounds. 
W. Gerrard and M. F. Lappert 


Energeties of Molecular Complexes. S. P. McGlynn 
Allyl Polymerizations. R.C. Lavble 
Advances in the Synthesis of Glycerides of Fatty Acids. L.. Hartman 
Halogen Fluorides and Other Covalent Fluorides. Physical and Chemical 

Properties. Howard C. Clark 
The Synthesis of Substituted Terphenyls. G. R. Ames 
The Reactions of Ozone with Organie Compounds. Philip S. Bailey 


Subscription information: Published bimonthly. Subscription price per year: 
$12.00. (Price to individuals who are members of the American Chemical 
Society or the Faraday Society of Great Britain: $10.00.) Foreign postage: 


$1.25. Canada postage: $.50. Volume 59 current in 1959. 
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For Information, write to 


PESTICIDE RESIDUE ANALYSIS 


COMPOUNDS 
LABELED WITH 


ete 

AMINO ACIDS - PURINES | 

BIOLOGICAL ANTAGONISTS 

FATTY ACIDS - STEROIDS | 


WE 
PERFORM ANALYSIS 
FOR YOU 


ISOTOPES Séeccateces CO. 


OIVISION OF NUCLEAR CORPORATION OF AMERICA INC 


PHOTOVOLT Densitometer 


for Partition Chromatography 
and Paper Electrophoresis 


A photoelectric precision instrument for the rapid 
and convenient evaluation of strips and sheets 
of filter paper in partition chromatography and 
paper electrophoresis. 


Write for Bulletin #800 to ea 


PHOTOVOLT CORP. 


95 Madison Avenue ‘New York 16,N.Y. | 


Fiverimeters Reflection Meters | Multiplier | 
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DIFCO LABORATORIES 


DIFCO LAaBorRATORY PRODUCTS 
BIOLOGICS CULTURE MEDIA REAGENTS 


Media for Standard Methods 
Culture Media Dehydrated and Prepared 
Microbiological Assay Media 
Tissue Culture and Virus Media 
Bacterial Antisera and Antigens 
Diagnostic and Serological Reagents 
Sensitivity Disks Unidisks 
Peptones Hydrolysates Amino Acids 
Enzymes Enrichments Dyes _ Indicators 
Carbohydrates Biochemicals 


over GO years’ experience 
in the preparation of Difco products assures 


UNIFORMITY STABILITY ECONOMY 


Complete Stocks Fast Service 
Descriptive literature available on request 


DETROIT 1 
MICHIGAN USA 


ARICOR 


VARIABLE-RESPONSE RECORDER 
rophoresis 


for densitometry in paper elect 


Recording function electrically 
adjustable from linear to 
logarithmic and trans - 
logarithmic 


ai 
pa Sensitivity 
edjesteble from 
10 to 200 millivolts 


ificelly te be used with scanning densitometers fer correctly- 

Designed bo with scenning densitometers for corcty 

Write for Bulletin #1100 
Also: Densitemeters ph Meters Colerimeters Fiverescence 
THT Meters Electronic Multiplier Photometers 
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Volume 28 July 1959 Approx. 700 pages 


Annual Review of Biochemistry 


Editors: J. M. Luck, F. W. Allen, G. Mackinney 
CONTENTS: 


Years of Union Between Biochemisty and Physiology, 

; erroine 

Chemistry of the Carbohydrates, W. Pigman, K. Nisizawa and S. Tsuiki 

The Lipides, FE. Klenk and H. Debuch 

Chemistry of Amino Acids and Peptides, P?. Edman 

The Structure of Proteins, R. L. Hill, J. R. Kimmel and BE. L. Smith 

Protein Biosynthesis, J. L. Simkin 

Carbohydrate Metabolism, H. Holzer 

Amino Acid Metabolism, W. EF. Knor and E. J. Behrman 

Metabolism of Steroids, P. A. Katzman, FE. A. Doisy, Jr., J. 7. Matschiner and BE. A. 
Doisy 

Biochemistry of Carcinogenesis, EF. C. Miller and J. A. Miller 

Clinical Biochemistry, C. G. Holmberg and R. Blomstrand 

The Biochemistry of Genetic Factors, J. R. S. Fincham 

Nucleic Acids, Purines, Pyrimidines (Nucleotide Synthesis), S.C. Hartman and J. M. 
Buchanan 

Water-Soluble Vitamins, Part I: Thiamine, Riboflavin, Pantothenie Acid, Lipoie Acid 
(Thioetiec Acid), and Nicotinamide, WV. A. Horwitt 

Water-Soluble Vitamins, Part II (Asecorbie Acid, Biotin, Vitamin Bs, Folie Acid, Vita- 
min By, and Miscellaneous), W. EF. Coates and J. W. G. Porter 

Nutrition, R. Olson 

Mineral Metabolism, EF. J. Underwood 

Oxygenases and Hydroxylases, L. Massart and R. Vercauteren 

Metabolism of Connective Tissue, S. Roseman 

Neurochemistry, NV. LeBaron 

Biochemistry in the U.S.S.R., J. 1. Stehol 


$7.00 postpaid (U.S.A.) 
ANNUAL REVIEWS, INC. 


$7.50 postpaid (elsewhere) 
Grant Avenue, Palo Alto, California 


PRINCIPLES OF BIOCHEMISTRY 


Now in the Second Edition 


Some Changes in the New Edition Abraham White, Ph.D.; Philip Handler 
Ph.D.; 
Emil L. Smith, Ph.D.; DeWitt Stetten, Jr., 


The chapter on Chemistry of Proteins 
has been expanded to comform with and 
encompass new knowledge of the inti- 
mate structure of peptides and proteins. 


The chapter on Specificity of Enzymes, 

° Biological Oxidations, Protein Metabo- 
lism have been revised to bring them up- 
to-date. 


Newer information on alternate path- 
@ ways of glucose oxidation and photosyn- 
thesis has been presented. 


Particular attention has been paid to the 
comments of persons using the first edi- 
tion, with many changes having been 
recommended by these users. 


McGraw-Hill Book Co. 


The Blakiston Division 


M.D., Ph.D. 
This new second edition is an excep- 
tionally modern, well-balanced presenta- 
tion, emphasizing the fundamental prin- 
ciples and concepts of biochemistry. 
Particular consideration is accorded to 
the mechanisms of, and factors influenc- 
ing, the biological reactions where they 
are known. As a result of important new 
advances in the field of metabolism and 
endocrinology, these chapters have been 
completely rewritten. The material of cell 
structure, formerly in the opening chap- 
ter has been expanded into a fuller treat- 
ment of biochemical architecture of the 
liver. 

1048 pp., 6 x 9, illus., $15.00 


330 W. 42nd St. N. Y. 


Please send me on approval: White et al: PRINCIPLES OF BIOCHEMISTRY, 2nd edition... ... $15.00 
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NUTRITIONAL 


...@ proven formula 


_ QUALITY plus SERVICE plus ECONOMY equals 


Nutritional Biochemicals Corporation 


A COMPLETE SELECTION OF MORE THAN 
200 NUCLEOPROTEINS and DERIVATIVES 


Typical Derivatives 


Adenosine Triphosphate  Uridylic Acid 


Cytidine Uridine 

Cozymase 2, 6 Diamino Purine Sulfate 
Coenzyme I, 11, A 8 Aza Guanine 

Cytosine 8 Aza Thymine 

6 Mercaptopurine Glucose-6-Phosphate 


BIOCHEMICALS 

CORPORATION 

21010 MILES AVE. CLEVELAND 28, OHIO = Jor New Catalog 
- | More Than 2500 Items 


Write Dept. 105 
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